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ABSTRACT 


This  research  program  was  initiated  to  determine  the  extent  to  which  dry 
lubricant  films  could  be  used  in  future  bearing  systems  for  electrical  accessory 
applications .  The  program  was  separated  into  two  phases . 

In  Phase  I,  twenty  each,  dry  film  lubricated  20  millimeter  bore,  plain,  ball 
and  roller  bearings  were  tested  in  900*F  adr  at  15,000  rpm  with  a  75  pound  radial 
and  a  25  pound  axial  load.  Ail  available  bonded  dry  film  lubricant  coatings  were 
applied  to  the  bearings  and  tested.  Hone  were  satisfactory.  Two  different  bear¬ 
ing  designs,  which  used  an  unconventional  dry  film  lubrication  technique,  demon¬ 
strated  the  feasibility  of  operation  at  15,000  rpm  in  900*F  air. 

In  Phase  II,  roller  and  bali  bearings  were  evaluated  through  the  temperature 
range  70  to  1500*F  at  15,000  rpm  in  a  vacuum.  The  vacuum  levels  attained  ranged 
between  5  x  10_ltmBi  Hg  to  5  x  10"  6mm  Hg.  The  initial  tests  in  vacuum  conducted  on 
the  two  successful  Phase  I  bearing  designs  resulted  in  early  failures.  These  tests 
showed  that  the  dry  film  lubricants,  which  were  satisfactory  in  air,  were  entirely 
inadequate  for  vacuum  operation.  Therefore  an  investigation  vac  initiated  to 
develop  new  materials  which  would  provide  dry  film  lubrication  under  vacuum  con¬ 
ditions.  Over  hOO  compositions  of  dry  lubricant  and  metal  powders  were  fabricated 
using  powder  metallurgy  techniques.  Friction,  wear,  thermal  expansion  and  fracture 
strengths  of  these  materials  were  determined. 

Thirteen  roller  bearing  tests  were  conducted  in  vacuum  using  spacer  rollers 
made  from  the  lubricant  composite  materials.  All  tests  resulted  in  early  failure. 

Conception  of  a  new  and  unique  hearing  design  utilizing  lubricant  composite 
materials  as  the  cage  resulted  in  successful  vacuum  operation  for  both  ball  and 
roller  bearings.  The  roller  design  gave  1  hour  and  25  minutes  of  vacuum  operation 
at  speeds  of  5000,  10,000  and  15,000  rpm  and  temperatures  of  250*F  to  3^0  **F.  A 
test  of  the  ball  bearing  design  was  terminated  after  2  hours  and  20  minutes  of 
vacuum  operation  at  speeds  of  5000,  10,000  and  15,000  rpm  and  temperatures  of 
200 *F  to  680*F  without  bearing  failure.  Ho  wear,  scoring  or  pitting  was  evident 
in  either  of  the  roller  or  hall  hearings  after  test.  The  new  cage  designs  are 
amenable  to  substantial  Improvement  through  refinement  of  lubricant  composite 
composition  and  cage  design.  The  ball  and  roller  tests  demonstrate  the  feasibility 
of  the  lubricant  composite  cage  design  for  high  speed  operation  with  dry  lubricant 
films  under  vacuum  conditions. 
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INTRODUCTION 


Electrical  accessory  bearings  in  advanced  flight  vehicles  vill  be  exposed  to 
nuclear  radiation,  high  and  low  temperatures  and  will  be  required  to  operate  under 
vacuum  conditions . 

Various  efforts  are  being  expended  to  obtain  bearing  systems  that  will  operate 
in  the  environments  anticipated  for  future  flight  vehicles.  Hie  possibility  of 
extending  the  maximum  operating  range  of  organic  fluids  to  1500*F  appears  very- 
marginal.  Organic  lubricants  are  also  prone  to  chemical  and  physical  change  under 
nuclear  radiation.  Development  programs  on  liquid  metal  lubricants  and  gas  bear¬ 
ings  have  been  initiated  in  attempts  to  solve  this  problem.  Dry  film  lubrication 
has  been  used  extensively  for  heavily  loaded  low  speed  airframe  bearings.  These 
films  have  also  exhibited  good  resistance  to  high  temperatures  and  nuclear  radi¬ 
ation. 

This  research  program  was  initiated  to  determine  the  extent  to  which  dry  films 
can  be  used  in  future  bearing  systems  for  electrical  accessory  applications.  Dry 
film  lubricat  d  20  turn  bore  bearings  were  investigated  for  operation  in  both  air  and 
10-6  mm  Hg  vacuum,  at  speeds  of  15,000  rpm.  This  program  had.  two  phases.  Phase  I 
was  a  feasibility  program  limited  to  $00*F.  In  Phase  II,  the  feasibility  of  bear¬ 
ing  operation  at  high  speeds,  light  loads,  in  air  and  vacuum  throughout  a  temper¬ 
ature  spectrum  from  250*F  to  1500*F  was  investigated.  Testing  after  exposure  to 
nuclear  radiation  was  originally  included  in  this  phase;  however,  dr.e  to  a  re¬ 
direction  of  effort  in  the  program  this  investigation  was  not  completed. 

This  report  is  separated  into  three  sections:  (1)  Those  T-ooo*F  in  Air 
testing  of  plain,  ball  and  roller  bearings,  (2)  Phase  II-1500*F  In  Vacuum  testing 
of  ball  and  roller  bearings  and  (3)  a  "Materials  Section"  Table  LXXV  which  includes 
lubrication  development  conducted  in  both  Phase  I  &  II. 


Manuscript  released  by  authors  January  1963  for  publication  as  an  ASD  Technical 
Documentary  Report. 
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SIMtAKT 


Diia  research  program  was  initiated  to  determine  the  extent  to  which  dry 
lubricant  films  could  be  used  in  future  bearing  systems  for  electrical  accessory 
applications.  Die  program  was  separated  into  two  phases. 

In  Phase  X,  twenty  each,  dry  film  lubricated  20  millimeter  bore,  plain,  ball 
and  roller  bearings  were  evaluated.  Testing  was  conducted  in  900*F  air  at  15,000 
rpm  with  a  75  pound  radial  and  a  25  pound  axial  load.  All  available  bonded  dry 
film,  lubricant  coatings  were  applied  to  the  bearings  and  tested.  Hone  of  the  con¬ 
ventional  bonded  dry  film  coatings  were  satisfactory  as  bearing  lubricants  under  the 
operating  conditions  investigated.  Two  different  hearing  designs,  which  used  an 
unconventional  dry  film  lubrication  technique,  demonstrated  the  feasibility  of 
operation  at  15,000  rpm  in  900 ®F  air.  One  design,  a  full  complement  titanium 
carbide  cermet  roller  bearing,  utilized  ATJ  graphite  as  a  spacer  roller  to  provide 
a  replenishing  film  of  graphite  lubricant  to  the  rollers  and  raceways.  This  design 
resulted  in  the  lowest  wear  rate  (0.00015  inch  per  hour)  of  all  bearings  tested  in 
Phase  I.  Die  other  successful  bearing  design  was  a  full  complement  ball  bearing 
fabricated  from  a  titanium  carbide  cermet.  Lubrication  for  this  bearing  was  obtain¬ 
ed  from  the  oxide  film  which  formed  continuously  on  all  surfaces  at  elevated  temp¬ 
eratures.  This  bearing  indicated  the  lowest  friction  coefficient  (  M  =  0.002)  of 
all  Phase  I  bearings. 

In  Phase  II,  20  millimeter  bore  roller  and  ball  bearings  were  evaluated 
through  the  temperature  range  70"F  to  1500*F  at  15,000  rpm  in  a  vacuum.  Die  vacuum 
levels  attained  ranged  between  5  x  10_limm  Hg  to  5  *  10”°ram  Hg.  Initial  tests  in 
vacuum  were  conducted  on  the  two  successful  Phase  I  bearing  designs.  Die  roller 
bearing  design  using  ATJ  graphite  spacer  rollers  did  not  lubricate  in  the  vacuum 
environment  and  excessive  graphite  wear  resulted  in  failure  after  3-1/2  minutes  of 
operation.  Die  full  complement  hall  bearing  test  resulted  in  high  friction  and 
raceway  pitting  after  25  minutes  of  vacuum  operation.  Die  lack  of  air  prevented 
the  formation  of  an  oxide  lubricant  film.  These  tests  showed  that  the  dry  film 
lubricants,  which  were  satisfactory  in  air,  were  entirely  inadequate  for  vacuum 
operation. 

Die ref ore  an  investigation  was  initiated  to  develop  new  materials  which  would 
provide  dry  film  lubrication  for  the  spacer  roller  bearing  design  under  vacuum  con¬ 
ditions.  Over  tOO  compositions  of  dry  lubricant  and  metal  powders  were  fabricated 
using  powder  metallurgy  techniques.  Compressive  fracture  strengths  were  determined 
for  all  specimens  fabricated  and  over  150  friction  and  wear  screening  tests  were 
conducted.  Diermal  expansion  measurements  were  obtained  for  selected  compositions. 

Dilrteen  roller  bearing  tests  were  conducted  in  vacuum  using  spacer  rollers 
made  from  the  lubricant  composite  materials  which  were  selected  on  the  basis  of  the 
screening  tests.  All  tests  resulted  in  early  failure  due  to  either  inadequate 
lubrication,  disintegration  of  the  lubricant  composite  materials  or  excessive  lubri¬ 
cant  build-up  within  the  bearing.  The  longest  life  attained  in  these  13  tests 
was  5*7  minutes. 
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Conception  of  a  new  and  unique  bearing  design  utilising  a  lubricant  composite 
material  or>  the  cage  resulted  in  successful  vacuum  operation  for  both  ball  and 
roller  hi  airing:- .  Uie  roll'.-:  bearing  design  gave  3  hour  ana  minutes  of  vacuum 
ope  ratio:,  it  speeds  of  yOOO,  l'J.000  on.i  lb, 0-JO  rpm  anu  temperature:,  of  fbO°i-  to 
ti  .  t  to  .-.air. at  Lon  .,u.l  t :  :v.  from  fracture  of  a  lii'-g'-  on  h  lubri- 


-Cy*-1 


A  to-: 


an 


ball  bearing  aos  Lgn  va;-  terminated  al'te: 


,-n.it  co::.pOoft‘ 

hour,  a".--  .V  minuter,  of  vn.'cur.  operation  at  speeds  of  -iX-V,  ICp’OO  ani  it. 000  r:;:r 
without  rearing  :  allure  altr.Otgh  a  heater  element  failurv  lirr.it'.;  the  i.“.;t  t'-np<r- 
•iture  to  a  mahi:::  in  of  o-aJ0;’.  Nc  rear,  r coring  or  p:  tti ng  va.-  eviuent  In  either  cf 
tin'  roller  or  ball  bearing.;  after  t-  The  new  cage  ue.'.ignr  are  ac, eluule  to 
substantial  improvement  through  refinement  of  lubricant  composite  composition  ails 
cage  design.  The-  ball  and  roller  tent-  demonstrate  the  feasibility  of  the  lubri¬ 
cant  composite  me c  design  for  high  .speed  operation  with  dry  lubricant  films  under 
vacuum  condition." . 
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PHASE  I  BEARING  TESTS  TO  900 °F  IN  AIR 


Tfce  following  contractual  requirements  were  specified  for  the  Phase  I  program: 

1.  To  evaluate  ten  dry  film  lubricants  for  use  in  the  Phase  I  bearing 
tests . 

2.  To  test  twenty  each,  all,  roller  and  plain  bearings  for  feasibility 
at  900®F,  15,000  rpm  ii  under  vacuum  of  10"^mai  Hg. 

In  the  Phase  I  program  the  e>  nation  and  testing  cited  above  were  completed, 
A  lubricant  development  program  in  losing  Laboratories  was  initiated  at  the  begin¬ 
ning  of  the  contract.  This  lubricant  development  program  was  supplemented  by  a 
subcontract  with  the  Washington  State  University.  The  details  of  the  work  accom¬ 
plished  in  the  Phase  I  effort  are  included  in  the  following  subsections  of  this 
report : 

A.  BEARING  DESIGN,  Page  k 

B.  TEST  EQUIPMENT,  Page  7 

C.  BEARING  TESTING,  Page  9 

D.  LUBRICANT  DEVELOPMENT,  "MATERIALS  SECTION",  Page  72 


A.  BEARING  DESIGN 

The  following  discussion  outlines  the  bearing  designs  used  in  this  program: 

1.  PLAIN  BEARINGS 

The  Riase  I  plain  bearing  design  was  a  conventional  buahing  with  1.10  inches 
O.D.  and  a  20  mm  bore.  The  initial  design  provided  a  bearing  width  of 
O.kOO  inches,  lhe  testing  conducted  during  the  initial  report  period 
indicated  that  a  decrease  in  bearing  stress  of  50$  would  provide  a  signif- 
cant  decrease  in  bearing  wear  rate. 

In  discussions  with  the  Contracting  Agency  a  revision  to  the  plain  bearing 
design  was  presented.  An  increase  in  the  plain  bearing  width  to  twice  the 
width  of  a  rolling  element  bearing  was  proposed.  It  was  considered  that 
this  width  increase  would  provide  a  plain  bearing  comparable  to  the  rolling 
element  bearings  from  a  weight  and  envelope  standpoint.  This  plain  bearing 
width  would  provide  a  stress  on  the  projected  bearing  area  of  86  psi. 

It  was  determined  that  testing  plain  bearings  with  a  width  greater  than  the 
rolling  element  bearings  would  necessitate  extensive  test  equipment  modifi¬ 
cation.  For  this  reason  a  contract  change  to  permit  testing  of  the  plain 
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bearings  at  a  stress  level  of  86  psi  was  proposed.  'Hie  radial  clearance 
was  adjusted  to  accommodate  the  various  lubricants  being  tested.  Hiis 
same  basic  design  was  used  for  ell  materials  and  lubricants  tested  in  the 
Phase  I  plain  bearing  testing.  Hie  full  thrust  face  width  was  used  to 
carry  the  load.  A  drawing  of  this  plain  bearing  is  shown  in  Figure  1. 


2.  BALL  BEARING 

Hie  design  of  the  Phase  I  ball  bearing  was  based  on  the  current  knowledge 
of  bearings  and  dry  film  lubrication.  Hie  bearing  is  unique  primarily 
because  it  has  been  designed  specifically  for  high  temperatures,  high 
speeds,  low  loads  and  dry  film  lubrication. 

Hie  bearing  is  basically  an  angular  contact  type  with  larger  than  normal 
balls  (3/8  inch  diameter)  and  5 6$  inner  and  outer  race  curvatures.  In 
the  original  design  the  separator  was  ball  controlled  through  replaceable 
inserts  which  completely  surrounded  the  ball.  Hie  number  of  rolling 
elements  in  this  design  was  five.  A  drawing  is  shown  in  Figure  1.  Hie 
bearing  material  was  titanium  carbide  cermet  for  races,  balls,  separator 
and  inerts . 

Hie  original  bearing  design  Jncorporated  inserts  with  a  13  degree  taper  on 
the  control  surface.  It  was  determined  from  the  first  two  teste  that  this 
angle  was  not  adequate.  Hie  insert  was  redesigned  to  a  25-5  degree  angle. 

A  modification  of  this  bearing  design  was  investigated  without  a  separator, 
but  with  a  full  ball  complement.  Spacer  balls  0.002  inch  undersize  were 
also  used.  Another  design  modification  which  was  evaluated ,  used  an  inner 
land  riding  No.  25  retainer. 


3.  ROLLER  BEARING 

Hie  original  roller  bearing  design  followed  the  same  concept  as  the 
original  ball  bearing  design  cited  above.  It  was  a  titanium  carbide, 

5  roller,  double  lip  inner  race,  single  lip  outer  race  design. 

Hie  seprrator  was  roller  controlled  but  was  not  of  the  insert  type.  Hie 
separator  had  titanium  carbide  pins  secured  to  a  main  ring  which  projected 
into  a  relief  at  each  end  of  the  roller.  Hie  main  ring  was  fabricated 
from  a  0 .5)6  titanium  molybdenum  alloy.  Hie  thermal  expansion  coefficient 
of  this  material  is  slightly  less  than  that  of  the  titanium  carbide  cermet 
K-162B.  This  factor  ’fas  intended  to  maintain  the  press  fit  of  the  carbide 
pins  in  the  main  ring.  Also,  this  design  reduced  sliding  velocities  at 
the  control  point.  A  drawing  of  the  roller  bearing  is  also  shown  in 
Figure  1. 
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Three  modifications  of  this  bearing  design  vere  evaluated.  They  were: 

(l)  a  slotted  cage  ring  which  was  designed  to  provide  air  flow  through 
the  bearing  and  thereby  discharge  wear  debris,  (2)  a  full  roller  comple¬ 
ment  of  carbide  rollers,  and  (3)  a  full  roller  complement  with  spacer 
rollers  acting  as  lubricant  carriers . 

B.  TEST  EQUIPMEHT  TOR  1500 *F  AHD  10_6mm  Bg 

The  following  is  a  discussion  of  the  design  and  operation  of  the  high  speed, 
high  temperature,  high  vacuum  test  machine.  An  overall  view  of  this  equipment 
is  shown  in  Figure  2. 

1.  DRIVE  SXSTBt 

The  prime  mover  consisted  of  a  Vickers  fluid  motor  and  a  Vickers  hydraulic 
power  unit  with  a  variable  volume  pump.  A  double  timing  belt  drive  pro¬ 
vided  a  total  step-up  ratio  of  4.75  "to  1.  A  speed  of  315®  rp®  of  the 
fluid  motor  drove  the  test  shaft  at  the  required  speed  of  15,000  rps. 

The  flow  through  the  pump  was  controlled  manually  and  control  of  the  test 
shaft  speed,  was  permitted  through  the  range  ct  50  to  17,800  rpa.  Auto¬ 
matic  overload  control  was  provided  by  the  relief  valve,  and  a  by-pass 
valve  provided  a  method  of  stopping  the  fluid  motor.  The  drive  system 
sprockets  and  shafts  were  dynamically  balanced. 

The  system  operated  through  all  speeds  satisfactorily. 

2.  LOAD  SYSTEM 

A  single  weight  azm  was  designed  and  fabricated  to  apply  a  radial  load 
of  75  pounds  to  the  test  bearing  through  a  knife  edge  and  load  strap.  This 
weight  am  was  modified  to  provide  loads  of  75>  37*5  and  27. 5  pounds  to 
conform  with  revised  loads  for  testing  plain  hearings. 

• 

The  load  strap  failed  on  one  test  because  of  the  vibration  fatigue  and 
high  temperature  conditions  which  are  unique  in  this  test  machine  design. 
The  radius  on  the  load  strap  was  substantially  increased  to  eliminate 
stress  concentrations.  Operation  with  this  modification  was  then  satis¬ 
factory. 

The  dead  weight  system  vac  calibrated  with  a  dynamometer  bar  and  provided 
loads  with  an  accuracy  of  +  0.5  pounds. 

Axial  load  was  applied  by  a  cantilever  strain  beam  and  was  calibrated  to 
indicate  axial  load  on  the  test  bearing  directly  in  pounds. 

3.  FRICTIOH  MEASUREMENT 

Friction  was  measured  with  two  linear  cantilever  strain  beams  that  restrict 
the  rotation  of  the  load  strap  beam  about  the  knife  edge.  Friction  read¬ 
ings  were  reported  on  a  Bristol  recorder.  The  reading  on  the  recorder 
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was  p recalibrated  (for  sensitivity,  load,  and  bearing  size)  to  Indicate 
coefficient  of  friction  value  directly. 


4.  HEATHKJ  SYSTEM 

Bearing  temperatures  of  900*?  and  1500*F  in  air  were  obtained  with  a 
ni chrome  wire  resistance  heater  located  on  both  sides  of  the  test  bearing. 
A  single  heater  was  used  for  plain  bearing  tests.  With  two  heating  ele- 

mt#»r  tutp*  nf  luntl  f  rl  oti  (in 

bearings  did  not  exceed  15*F. 

Tantalum  wire  of  the  same  diameter  as  the  ni chrome  has  been  used  satis¬ 
factorily  for  tests  in  vacuum  at  900*F. 


5-  VACUUM  SYSTBi 

The  vacuum  system  consisted  of  a  mechanical  pump  and  a  4  inch  diffusion 
rump  connected  to  a  cold  trap.  This  system  produced  pressures  as  lov  as 
1  x  10-6ma  of  Hg.  With  neoprene  lip  seals  installed  and  the  shaft 
rotating  at  15,000  rpn,  a  vacuum  of  5  x  10" 5  was  held  over  a  period  of 
one  hour.  Viton  A  and  Teflon  seals  provided  the  same  pressure  performance 
hut  with  less  wear. 

A  spring  loaded  graphite  face  seal  with  the  inner  race  of  the  bearing  as  a 
sealing  face  was  used  for  testing  ball  and  roller  bearings.  The  pressure 
increased  to  50  microns  on  the  first  test  due  to  poor  lubrication  of  the 
seal,  but  a  vacuum  of  2  times  10-5  was  attained  on  the  second  test  using 
an  increased  supply  of  702  fluid  as  a  lubricant. 


BEARIHG  TEST  RESULTS  AHD  AHALYSLS 

The  bearing  testing  was  intended  to  provide  a  basis  for  comparison  of  the 
plain,  ball  and  roller  types  of  bearings.  The  conditions  included  in  this 
evaluation  were  900* F  temperature  and  a  shaft  speed  of  15,000  rps.  The 
details  of  the  screening  tests,  the  apparatus  and  procedures  are  described 
in  the  Materials  Section  of  this  report.  A  uuwnary  of  the  results  of  these 
tests  is  included  in  Table  VIII  of  this  report.  In  addition  to  obtaining 
comparative  dry  film  performance  data,  this  testing  provided  design  criteria 
applicable  to  the  high  speed  dry  film  lubricated  plain  bearing. 


1.  PLAJJf  BEAR  ISOS 


Initial  testing  vas  conducted  on  the  plain  bearings  to  provide  an 
.lap roved  basis  for  dry  film  selection.  The  dry  films  selected  in  the 
screening  program  were  initially  applied  to  titanium  carbide  cermet 
K- 16235  bearings  and  shafts.  Upon  completion  of  these  tests,  selected 
dry  films  were  evaluated  as  applied  to  other  refractory  and  superalloy 
materials.  The  best  bare  material  and  dry  film  combinations  were  then 
used  in  the  ball  and  roller  bearing  tests. 

me  pxain  bearing  tests  and  resuLts  sure  tabulated  on  Table  I.  Plain 
bearing  wear  rates  are  plotted  in  Figure  3- 

All  initial  plain  bearing  tests  were  conducted  at  15, 000  rpm  and  900 *F 
Initial  ambient  air  temperature.  A  25  pound  axial  load  and  a  radial 
load,  which  produce  a  projected  bearing  area  stress  of  8 6  pel,  were 
applied.  Final,  plain  hearing  tests  included  operation  in  5  x  10* 5mm  Hg 
pressure . 

Che  unlubricated  hearing  tests  P-1,  P-2  and  P-3  failed  by  seizure.  All 
failures  were  the  result  of  scoring  and  seizure  on  the  thrust  face  of 
the  test  bearing.  This  type  of  failure  illustrated  the  significant 
effect  of  clearance  on  bearing  performance,  The  unlubricated  bearings 
tested  with  radial  load  only  operated  for  periods  of  50  minutes  without 
seizure.  Seizure  was  experienced  only  when  the  bearing  had  insufficient 
clearance.  It  is  considered  that  modifications  of  the  thrust  face  design 
would  improve  unlubricated  plain  bearing  performance. 

Lowest  plain  bearing  friction  was  obtained  with  the  graphite  Ko.  2573 
materia:,  used  in  test  P-4.  The  seizure  which  occurred  in  this  test  was 
not  the  result  of  scoring  or  galling.  Due  to  the  low  thermal  expansion 
coefficient  of  the  So.  2573  hearing  relative  to  the  carbide  shaft,  the 
bearing  radial  clearance  decreased  during  operation.  A  circumferential 
seizure  was  evident.  The  initial  graphite  Bo.  24-90  bearing  scheduled  for 
test  P-5  fractured  during  press  fit  installation  into  the  carbide  housing. 
A  new  bearing  was  febrlcated  for  this  test.  After  one  hour  and  twenty 
minutes  the  test  was  terminated  due  to  excessive  wear.  The  temperature 
increased  to  over  1800*F  in  this  teBt. 

The  heat  plain  bearing  performance  (17  hours  1  minute)  was  obtained  in 
test  P-6.  The  test  specimen  vas  a  carbide  bearing  and  shaft  which  had 
a  phthalocyanine  dry  film  coating.  The  details  of  this  coating  appli¬ 
cation  and  procedures  are  described  in  the  Materials  Section  of  this 
report.  The  hearing  temperature  in  this  test  increased  from  an  initial 
value  of  900 *F  to  12uO*F  in  11  minutes.  The  temperature  fluctuated 
between  1200*F  and  1300*F  for  the  majority  of  test  duration.  Occasional 
temperature  fluctuations  were  noted  between  1100‘F  and  1500 *F  for  periods 
of  10  seconds  or  le38. 
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PLAIN  BEARING  r£$r  SUMMARY 


86  pti  radial  load,  25  lb«.  fh tvtt  load  and  a  20  m<n  K-I62B  fifon!*/**  'itbldt  thah . 


.01?  .020 

WEAR  BASE  -  lneh*«/hoar 


FIGURE  3  P.IAUr  BEARHW  TESTS  -  WEAR  RATES 


The  load  strap  failed  in  fatigue  after  4  hours  and  8  minutes  of  test 
operation.  During  the  following  down  time  the  test  bearing  was  removed 
for  examination.  All  loaded  surfaces  were  highly  burnished  over 
approximately  2/3  of  the  surface  area.  The  remaining  l/3  of  the  area 
was  covered  with  streaks  of  a  light  yellow  powder.  (See  Figure  4)  An 
x-ray  diffraction  and  spectrographic  analysis  of  the  powder  was  made  on 
completion  of  this  test.  The  material  was  mainly  a  combination  of 
rutile  (TiOp)  and  nickel  oxide  (ifiO )  in  the  ratio  of  two  to  one.  Wear 
measurements  obtained  during  this  examination  indicated  wear  of  .0004  to 
.0006  inches  on  all  surfaces.  During  the  restart  of  this  test  the  friction 
coefficient  indicated  an  instantaneous  value  of  0.5*  When  maximum  speed 
was  attained  the  coefficient  decreased  to  0.28.  For  the  remaining  12 
hours  and  53  minutes  of  test  the  friction  coefficient  gradually  decreased 
to  0.22.  See  Figure  5  fo r  a  replica  of  selected  friction  recordings 
obtained  during  this  test. 

A  failure  in  the  hydraulic  power  unit  caused  the  test  shutdown  after  a 
total  operating  time  of  17  hours  and  1  minute.  Hie  test  bearing  was  again 
removed  for  examination.  All  load  zone  surfaces  were  similar  in  appearance 
to  their  condition  after  the  initial  4  hour  and  8  minute  run.  See  Figure  4 
for  photograph.  Wear  measurements  obtained  after  this  test  indicated  the 
following: 

Bearing  radial  wear  .0060  inch 

Shaft  radial  wear  .0047  inch 

Total  radial  wear  .0107  inch 

Bearing  thrust  face  wear  .0X00  inch 

Shaft  thrust  face  wear  .0040  inch 

Total  thrust  wear  .0140  inch 


Since  the  wear  had  exceeded  the  allowable  .010  inches,  the  test  was 
terminated.  However,  when  the  wear  was  calculated  in  inches  per  hour, 
this  test  had  the  lowest  wear  rate  of  the  plain  bearing  tests.  (Figure  3) 

Hie  H-1284  dry  film  coated  carbide  bearing  was  fractured  during  test  P-7. 
In  this  test  the  temperature  increased  due  to  frictional  heating  from 
900*F  to  1500 *F  in  15  seconds .  Hie  thermal  stresses  introduced  are  con¬ 
sidered  to  have  caused  the  fracture.  A  sharp  edge  on  the  fracture  pro¬ 
duced  light  score  mark3  on  the  shaft.  No  scoring  was  evident  on  the 
thrust  face. 


PHTHALOCYANINE  COATED  PLAIN 
BEARING  AFTER  17  HRS.-l  MINUTE 
@1200°F-15,000  RPM.  NOTE  YELLOW 
POWDER  ON  SHAFT  END  AND 
BUSHING  BORE. 


FIGURE  4  TESTED  PLAIN  BEARING 
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Bio  intense  frictional  heating  at  the  thrust  interface  is  considered  to 
he  the  sain  cause  of  failure  in  test  P-8.  Bie  dry  film  coating,  a  4:8:1 
ratio  of  H0S2,  IhS  and  H3BO3  failed  to  maintain  the  bond  to  the  cart i do  as 
the  temperature  Increased.  3 A  mh-Hwi™  temperature  of  1170*F  vas  recorded 
at  the  time  of  seizure  (2  minutes,  15  seconds). 

For  test  P-9,  a  .001  dial  Indicator  vas  located  on  the  2  lal  load  arm 
to  provide  an  indication  of  bearing  radial  vear  during  test.  A  high  veer 
rate  vas  noted  during  the  first  5  minutes  of  test.  About  .003  inch  radial 
vear  vas  indicated.  For  t  .e  remainder  of  the  test  the  wear  rate  vas 
essentially  uniform  with  a  total  radial  vear  of  .003  inch  indicated  Just 
prior  to  seizure. 

Bie  temperature  increased  from  the  900*F  start  to  a  1500*F  operational 
temperature  in  six  minutes.  Bie  temperature  then  essentially  stabilized 
at  1500* F  +  50*F  for  the  remainder  of  the  run.  During  the  final  5  minutes 
of  operation  the  degree  of  temperature  fluctuation  Increased  to  a  peak 
value  of  1620*F.  Bie  measured  total  radial  and  vear  after  test  vas 

.0036  and  .0029  inches  respectively. 

In  test  P-10  the  bearing  and  shaft  vere  coated  with  the  KASA  developed 
calcium  fluoride  dry  film.  Excessive  friction  was  indicated  during  the 
test  run.  Examination  of  the  bearing  surfaces  after  test  revealed  scarred 
and  pitted  areas.  A  deleterious  chemical  reaction  m ay  have  occurred 
between  the  fluoride  and  the  carbide  materials. 

Test  P-U,  ft  KT  silicon  carbide  plain  bearing  coated  with  a  phthalo- 
cyanine  film  represented  the  second  most  successful  plain  bearing  per¬ 
formance.  It  operated  for  2  hours  and  23  minutes  compared  to  17  hours  and 
one  minute  for  test  P-6.  Bie  eventual  failure  of  test  P-11  bearing  is 
believed  to  have  been  initiated  by  a  crack  in  the  thrust  face.  Both  the 
bore  of  the  bearing  and  the  thrust  surfaces  shoved  a  smooth  burnish  and 
a  thin  oxide  layer.  Wear  measurements  vere  impossible  due  to  the  nature 
of  failure. 

Tests  P-12,  P-17  and  P-l8  vere  tests  of  phthalocyanine  coated  superalloy 
bearings  (Star  J,  nickel  alloy  300  and  nickel  alloy  X)  on  titanium  carbide 
shafts.  In  each  instance  a  high  hearing  vear  rate  was  evident.  These 
tests  show  a  direct  correlation  betveen  bearing  wear  and  material  hardness. 
Accordingly,  the  high  hardness  Star  J  material  exhibited  the  lowest  vear 
rate  and  the  nickel  alloy  X  the  highest.  (Figure  3) 

In  test  P-13  a  chrome- alumina  material,  LT-1,  vas  evaluated  with  a 
phthalocyanine  film.  After  1  hour  and  21  minutes  of  test  the  bearing 
seized  on  -he  shaft.  Wear  measurements  indicated  that  the  majority  of 
vear  (0.0062  inches)  occurred  on  the  test  bearing.  Only  0.005  inch 
shaft  wear  vas  measured. 
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High  frictional  heating  occurred  in  test  P-lt.  The  temperature  rose  to 
l80O°F  after  a  radial  wear  of  .010  inch  had  occurred  on  the  graphite 
bearing  material.  At  the  .010  inch  wear  condition,  nickel  alloy  X  thrust 
washer  contacted  the  carbide  shaft  with  a  resulting  higher  friction  and 
temperature  reading.  Prior  to  .010  inch  wear  condition,  the  temperature 
had  stabilized  at  1060°F. 

In  test  P-15  a  porous  aluminum  oxide  bearing  material  (AP-100)  was 
impiegnated  with  silver  which  was  coated  with  graphite.  In  this  test, 
temperatures  in  excess  of  l800*F  and  a  friction  coefficient  of  .21  were 
indicated.  The  shaft  wear  rate,  .009  in. /hr.,  was  the  third  highest  of 
all  plain  bearings  tested.  Examination  of  the  shaft  and  bearing  wear 
debris  after  test  indicated  the  possibility  of  chemical  reaction  between 
the  carbide  shaft  and  the  silver  bearing  matrix. 

In  test  P-19  a  phthalocyanine  coated  carbide  bearing  and  shaft  were  tested 
in  a  vacuum  of  5  x  10"5mm  Hg.  Extensive  outgassing  was  visible  within  the 
test  chamber  as  the  pressure  approached  1  x  10" 3mm  Hg.  After  3  minutes  of 
operation  a  permanent  bearing  to  shaft  seizure  occurred.  Examination  of 
the  bearing  after  test  revealed  that  the  phthalocyanine  coating  had  been 
removed  from  all  areas  of  the  hearing  and  shaft  during  the  outgassing 
period  in  the  vacuum.  In  an  attempt  to  remove  the  test  bearing  from  the 
shaft,  the  bearing  fractured.  The  welding  of  the  bearing  to  shaft  was 
very  severe.  A  carbide  section  about  3/l6  inch  diameter  by  l/l6  inch 
deep  was  pulled  away  from  the  shaft  during  bearing  removal. 

Due  to  the  ineffectiveness  of  the  phthalocyanine  coating  in  test  P  1  under 
vacuum  conditions,  test  P-20  was  conducted  in  air.  This  test  was  t  repeat 
of  the  materials  used  in  test  P~2j6.  The  bearing  material  was  B-lTfO 
aluminum  oxide.  The  shaft  was  titanium  carbide  cermet.  Both  were  coated 
with  a  phthalocyanine  film.  In  order  to  evaluate  the  effect  of'  Phase  II 
environment,  the  bearing  temperature  prior  to  start  of  shaft  rotation  was 
increased  from  the  P-16  temperature  of  900 *F  to  1150*F.  This  higher 
starting  temperature  resulted  in  an  operating  temperature  of  1700*F  for 
this  test.  This  was  260*  hlgaer  than  test  P-l6.  Wear  measurements  after 
test  on  test  P-20  were  higher  than  P-l6  for  both  bearing  and  shaft. 

(Figure  3)  This  factor  substantiates  previous  investigations  which  have 
indicated  the  upper  temperature  limit  for  the  phthalocyanine  film  at 
1500*F. 

Tests  P-16  and  P-19  had  the  second  and  third  lowest  wear  rates  of  the  plain 
hearings  tested.  (Figure  3}  This  is  attributed  to  the  wear  resistance  of 
the  3-1170  aluminum  oxide  hushing. 


2.  BALL  BEARBKJS 

Twenty-one  ball  bearing  tests  were  conducted  in  the  Phase  I  program.  A 
description  of  the  bearing  designs,  lubricants  and  test  results  are  tabu¬ 
lated  in  Table  II.  Wear  rates  are  compared  in  Figure  6. 
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Ball  jear'nG  Tf5T  summary 


Hie  first  bearing  tested  (test  B-l)  was  unlubricated.  It  was  tested  at 
room  temperature  in  air.  The  bearing  operated  for  22  minutes  at  15,000 
rpm.  Hie  test  was  stopped  due  to  a  rapid  friction  rise  caused  by  the 
master  cage  ring  coming  in  contact  with  the  inner  race.  In  the  process 
of  testing  the  outer  race  temperature  increased  to  1060°F.  The  balls 
were  visibly  "red  hot". 

Upon  inspection  it  was  evident  that  the  inserts  had  worn  severely  causing 
reduced  separator  control  and  allowing  contact  with  the  inner  race.  The 
erratic  friction  curve  shown  in  Figure  5  is  believed  to  be  the  result  of 
the  inserts  periodically  "grabbing"  the  balls.  The  balls  however,  had 
no  measurable  wear.  Inner  and  outer  raceways  were  in  good  condition 
showing  only  discoloration  of  the  ball  track.  This  bearing  had  the  second 
lowest  wear  rate  of  the  ball  bearings  tested.  (Figure  6)  A  photograph  of 
this  test  bearing  is  shown  in  Figure  7- 

The  second  test  bearing  (test  B-2)  had  M- 1281  dry  film  lubricant 
on  the  inserts  only.  This  bearing  operated  with  erratic  friction  from 
the  start  and  ran  for  3  minutes.  Due  to  the  varying  friction  level  the 
bearing  was  accelerated  slowly  and  reached  only  7000  inn  after  three 
minutes.  Inspection  showed  that  two  inserts  had  locked  onto  the  balls. 

All  inserts  showed  wear.  Balls  and  raceways  appeared  to  be  in  excellent 
condition. 

It  was  concluded  that  increased  taper  of  the  inserts  was  required  to 
eliminate  "grabbing"  tendencies. 

Test  B-5  was  conducted  using  the  redesigned  lower  angle  inserts.  The 
bearing  was  started  with  approximately  two  drops  of  phenyl  ether  fluid 
in  the  bearing.  A3  the  temperatuu'e  increased,  the  fluid  evaporated  and 
the  bearing  became  unlubricated.  The  bearing  ran  a  total  of  9  minutes 
30  seconds.  Approximately  8-1/2  to  9  minutes  of  this  period  the  bearing 
had  some  lubrication.  While  lubricated,  the  friction  increased  to  .06 
and  was  erratic. 

The  reason  for  the  failures  in  tests  B-4  and  B-5  were  not  evident  until 
completion  of  test  B-8.  The  location  of  the  outer  race  fractures  in 
B-4  and  B-5  indicated  that  a  high  moment  load  had  been  applied  to  the 
bearing.  It  was  considered  that  the  original,  design  of  the  test  spindle 
was  the  cause  for  the  moment  loading.  During  operation,  the  thermal 
expansion  of  the  steel  spindle  shaft  was  greater  than  that  of  the  carbide 
stub  shaft.  As  a  result,  it  was  believed  that  the  following  sequence 
occurred:  (l)  the  self- locking  taper  on  the  stub  shaft  became  loose, 

(2)  the  stub  shaft  then  misaligned  relative  to  the  outer  race  causing 
moment  loading  in  the  bearing  and  resulting  failure,  (3)  the  tests  were 
stopped  and  radial  load  removed,  (4)  thrust  load  still  on  the  bearing 
reseated  the  stub  shaft  due  to  the  absence  of  radial  load,  (5)  cooling 
caused  the  stub  shaft  to  become  locked  in  position  thereby  presenting  a 
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TITANIUM  CARBIDE  BALL  BEARING 
AFTER  22  MINUTES  RUN.  NOTE 
CRACKED  INSERTS  CAUSED  BY 
INSERT  GRABBING 


FIGURE  7  TESTED  BALL  BEARING 


completely  normal  appearing  assembly  upon  bearing  removal.  This  auto¬ 
matic  reseating  of  the  assembly  misrepresented  the  actual  condition  and 
prevented  immediate  recognition  of  the  problem.  This  condition  was 
corrected.  In  nil  subsequent  tests  the  stub  shaft  was  anchored  to  the 
steel  spindle  with  a  bolt  through  the  shaft. 

It  is  believed  that  this  problem  did  not  occur  in  the  plain  bearing  tests 
due  to  two  factors:  (l)  higher  stub  shaft  temperatures  and  heat  rates 
caused  by  direct  sliding  friction,  and  (2)  lower  moment  load  on  the  stub 
shaft  due  to  the  reduced  radial  load. 

In  test  B-6  a  phthalocyanine  film  was  applied  to  the  carbide  raceways 
and  cage  inserts.  After  33  minutes  of  operation  the  bearing  friction 
increased  and  became  erratic.  The  test  was  stopped  for  bearing  inspection. 
The  examination  indicated  light  wear  on  the  cage  insert  rings  and  a  light 
powder  wear  debris  within  the  bearing.  An  air  blast  applied  to  the  bearing 
removed  the  wear  debris  and  the  bearing  turned  freely.  This  bearing  was 
reinstalled  for  test  B-7*  After  an  additional  30  minutes  of  operation, 
the  friction  again  increased  and  the  test  was  terminated.  Examination  of 
the  B-7  bearing  revealed  the  powdered  wear  debris  similar  to  that  obtained 
in  test  B-6. 

Two  ball  bearings  were  tested  under  a  predominate  thrust  load  (40  lb. 
thrust,  3T- 5  lb.  radial)  to  determine  the  effect  of  changing  the  load, 
direction.  The  first  bearing  (test  B-9)  operated  with  phthalocyanine 
coated  races,  balls  and  inserts,  ran  for  2  hours,  51  minutes.  The  bearing 
was  smooth  running  but  generated  considerable  wear  debris.  Ultimate  fail¬ 
ure  was  caused  by  fracture  of  an  insert  ring.  Ball  wear  was  .0025  inch. 

A  second  bearing,  test  B-10,  coated  with  lead  oxide  (except  the  balls), 
operated  for  only  1  minute.  The  inserts  grabbed  the  balls  and  caused  high 
erratic  friction.  This  grabbing  tendency  was  believed  to  be  caused  by 
slight  unevenness  of  the  lubricant  coating  on  the  inserts.  These  tests 
illustrated  the  design  sensitivity  of  the  insert  cage.  Throughout  the 
testing  it  has  been  extremely  important  that  uniform  coatings  be  applied 
and  that  selective  assemblies  be  made  for  individual  ball  pockets. 

Discussions  with  Stratos  personnel  who  were  conducting  a  120O“F  bearing 
program  (AF  33(616 )-6539),  revealed  a  somewhat  surprising  result  with  a 
full  complement  bearing  operating  at  room  temperature.  It  was  reported 
that  this  bearing  operated  for  one  hour  at  approximately  500,000  DN.  It 
was  agreed  by  Stratos  and  this  Contractor  that  continuous  lubrication 
accounted  for  the  relative  success  of  this  bearing. 

A  similar  full  complement  bearing  was  tested  in  this  program.  The  bearing 
from  test  B-10  was  assembled  with  spacer  balls  from  test  B-9  and  tested 
under  the  normal  75  lb-  radial- 25  lb.  thrust  load..  This  bearing  (test 
B-U),  operated  at  extremely  low  friction  and  required  30  to  40#  heating 
unit  power  to  maintain  900 ®F.  Wear  was  quite  rapid  for  approximately  10 
to  15  minutes  but  increased  very  little  beyond  that  point.  The  bearing 
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was  stopped,  after  1  hour  for  Inspection.  It  vas  found  that  wear  on  the 
load,  halls  and  spacer  halls  was  .002  to  .003  Inch  each.  Radial  wear  was 
.0020  Inch  on  the  inner  race  and  on  the  "heavy  load"  zone  of  the  outer. 
Raceway  curvatures  had  worn  to  approximately  50.5  to  51$  in  the  wear 
track.  The  heavy  initial  wear  vas  attributed  to  the  wide  curvature  of 
the  original  bearings. 

One  test  (B-12)  was  run  with  a  full  complement  bearing  having  10  full  size 
balls.  The  races  were  coated  with  8ll  lubricant.  The  bearing  ran  1  hour, 
32  minutes,  and  exhibited  nearly  identical  performance  and  wear  as  test 
B-ll  above. 

The  raceways  used  in  Test  B-12  were  reassembled  with  new  balls  for  test 
B-13*  In  this  test  the  effect  of  bearing  performance  with  the  increased 
conformity  of  the  worn  raceway  vas  investigated. 

A  decrease  in  wear  rate  over  test  B-ll  was  experienced.  (See  Figure  6) 

Test  B-14  was  conducted  to  determine  the  effect  of  increasing  the  ratio 
of  axial  to  radial  load.  An  80  pound  axial  and  an  8  pound  radial  load 
were  used.  These  loads  produced  the  same  resultant  load  on  the  bearing 
as  the  previous  25  pound  axial  and  75  pound  radial  load.  As  expected, 
the  radial  wear  rate  decreased  significantly.  (Third  lowest  in  Figure  6) 
Axial  wear-  was  higher  than  anticipated  (in  excess  of  .050  inch)  and 
erratic  friction  was  evident  through  the  teBt  run.  Examination  of  the 
raceways  after  test  revealed  raceway  conformity  which  was  50.5  to  51$  of 
the  ball  diameter  in  the  wear  track.  The  high  axial  wear  and  erratic 
friction  was  attributed  to  the  low  initial  conformity  and  lack  of  lubri¬ 
cation. 

Due  to  sensitivity  of  the  insert  cage  it  was  decided  that  a  more  con¬ 
ventional  land  riding  retainer  would  be  tested.  Retainers  were  made  from 
Alloy  No.  25  with  pocket  and  land  clearances,  .005  inch  and  .010  inch 
respectively,  determined  suitable  in  the  Stratos  1200 ®F  bearing  program 
(AF  33(616 )-6589). 

In  test  B-15  the  Inner  land  riding  Alloy  Ho.  25  retainer  was  evaluated. 

The  raceway  and  retainer  were  coated  with  M-1284  dry  film  prior  to  test. 
The  bearing  operated  for  4  hours  and  15  minutes.  A  high  axial  wear  and 
a  high  radial  wear  rate  (.0065  inch/hour)  were  obtained  in  this  test. 

The  test  was  terminated  due  to  an  increasing  frequency  of  high  torque 
indications.  Examination  of  the  bearing  shewed  inner  and  outer  land 
contact  of  the  retainer.  Light  scoring  was  evident  on  the  retainer  con¬ 
tact  zones.  Approximately  .004  inch  to  .006  inch  ball  pocket  wear  vas 
evident  in  the  retainer. 
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The  "conforming "  raceways  obtained  in  test  B-14  were  coated  with  another 
dry  film  lubricant  (8ll)  for  evaluation  in  test  B-l6.  An  80 
pound  axial  and  an  8  pound  radial  load  was  applied,  This  test  was  run 
for  120  minutes,  lie  test  produced  essentially  the  same  wear  rate  obtained 
in  test  B-14.  (Figure  6)  Ho  apparent  improvement  in  performance  was 
obtained  with  the  increased  conformity  or  with  the  dry  film  lubricant. 

Test  B-17  was  conducted  with  the  land  riding  alloy  25  M-1284  dry 
film  lubricated  retainer  under  the  80  pound  axial  and  8  pound  radial  load. 
This  test  resulted  in  the  highest  wear  rate  of  all  ball  bearing  tests 
conducted  in  Phase  I.  (Figure  6)  This  factor  may  be  attributed  to  the 
short  test  time  (6  min. )  and  the  probability  of  a  high  initial  wear 
occurring  during  the  initial  minutes  of  operation. 

Test  B-l8  was  conducted  at  1500 *F  to  obtain  preliminary  performance  data 
at  the  Phase  XI  temperature  condition,  The  bearing  was  full  complement 
with  .002  inch  undersize  spacer  halls.  The  spacer  halls  had  been  pre¬ 
oxidized  and  worn  undersize  in  a  previous  test.  The  hearing  exhibited 
low  friction  throughout  the  60  minutes  of  test  time.  After  60  minutes , 
the  bearing  was  removed  for  examination.  The  lowest  wear  rate  (.0003 
inch/hour)  of  all  ball  bearings  tested  was  obtained  in  this  test.  (Figure 
6)  The  balls  and  raceways  were  highly  polished  and  exhibited  a  glazed 
oxide  film.  This  test  demonstrated  the  effectiveness  of  lubrication  by 
the  oxide  film.  Oxide  film  lubrication  in  this  test  correlates  with  the 
low  wear  rate  of  the  carbide  plain  bearings  which  operated  at  the  higher 
temperatures.  The  thermal  gravimetric  analysis  of  the  carbide  (see 
Figure  31)  indicates  the  rapid  foimation  of  the  oxide  film  only  above 
l400°F.  This  factor  accounts  for  the  higher  wear  rate  of  an  identical- 
full  complement  bearing  test  B-l4  at  the  90CPF  test  temperature.  The 
thermal  gravimetric  analysis  also  Indicates  the  probability  of  satis¬ 
factory  oxide  film  formation  at  temperatures  above  1500°F.  A  reproduction 
of  the  frictional  torque  recording  for  this  test  is  in  Figure  8. 

The  test  B-19  bearing  wets  identical  to  the  low  wear  rate  full  complement 
bearing  evaluated  in  test  B-l8.  The  test  conditions  were  changed  to  the 
900*F  temperature  and  operation  in  a  vacuum.  The  bearing  operated  for  a 
30  minute  time  period  during  which  a  vacuum  of  2  x  10" 5mm  of  Hg  was 
obtained  in  the  test  chamber.  After  30  minutes  of  test  time,  a  gradual 
friction  increase  attained  a  sudden  peak  value.  At  this  point  the  test 
was  terminated.  Examination  of  the  bearing  showed  a  circumferential 
inner  race  fracture  in  the  wear  track  and  no  significant  wear  of  the  race¬ 
ways  or  balls .  Minute  surface  deterioration  of  the  raceways  was  evident . 
Fracture  of  the  inner  race  in  this  test  was  attributed  to  the  high  stresses 
produced  by  thermal  expansion  of  the  inner  race.  Score  marking  on  the 
bearing  bore  and  on  the  shaft  indicated  extensive  shaft  rotation.  It  was 
considered  that  the  frictional  heatiDg  produced  by  shaft  slippage  in  the 
bore  was  of  sufficient  magnitude  to  cause  the  subsequent  inner  race 
fracture . 
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Test  B-20  was  a  repeat  of  the  B-19  hearing  configuration  and  test  con¬ 
ditions  (900*F  and  vacuum).  In  order  to  prevent  shaft  rotation  in  the 
bearing  bore,  the  bore  was  electroless  nickel  plated  to  provide  a  shaft 
fit  of  0.0002  inch  interference.  The  bearing  was  operated  for  34  minutes. 
During  the  final  minutes  of  this  test  a  gradual  friction  increase  was 
evident.  A  variation  in  vacuum  betveen  5  microns  and  4  x  10" 5mm  Hg  was 
obtained  throughout  the  test  period.  Die  test  was  terminated  at  a  friction 
value  below  that  which  produced  inner  race  fracture  in  test  B-19-  Opon 
examination  after  cooling  the  bearing  indicated  relatively  low  friction 
characteristics.  After  this  test,  it  was  determined  that  the  bearing 
torque  measurement  strain  gage  was  in  error. 

In  order  to  obtain  an  accurate  friction  indication,  the  bearing  tested  in 
test  B-20  was  reinstalled  in  the  test  machine  for  test  B-21.  After  25 
minutes  of  operation  in  a  vacuum,  which  ranged  between  1  x  10“4  to 
2  x  10-5  mm  Hg,  the  test  was  terminated.  A  gradual  friction  increase  was 
evident  throughout  the  test  period.  Examination  of  the  bearing  revealed 
no  significant  wear,  but  minute  surface  deterioration  in  the  wear  track. 

A  light  build  up  of  wear  debris  in  the  wear  track  was  evident.  The  bear¬ 
ing  vets  tight  and  "sticky”  when  rotated  by  hand.  A  friction-life  chart 
for  this  test  is  shown  in  Figure  9- 

3.  ROLLER  BEARINGS 

A  total  of  twenty  titanium  carbide  roller  bearings  were  tested  during  the 
Phase  I  program.  Bre  results  are  tabulated  in  Table  III.  Wear  rates  are 
compared  in  Figure  10- 

Biree  basically  different  roller  bearing  configurations  were  evaluated  in 
tests  R-l  through  R-ll.  The  base  line  configuration  is  referred  to  as  the 
pinned  cage.  “Uiis  cage  consists  of  a  roller  controlled  separator  with 
titanium  carbide  pins  extending  into  holes  in  the  roller  ends. 

Ihe  second  configuration  Is  a  modification  of  the  pinned  cage.  The  out¬ 
side  diameter  of  one  ring  was  machined  to  provide  ten  .125  inch  deep 
slots  at  a  45*  angle  to  the  tearing  bore.  Oie  Intent  of  this  design  was 
to  provide  an  air  flow  through  the  bearing  to  carry  out  wear  debris.  This 
ring  is  shown  in  Figure  11. 

The  third  roller  bearing  configuration  evaluated  was  a  full  complement 
roller  design.  See  Figure  11. 

Test  R-l  was  conducted  at  room  temperature  in  air  with  a  75  pound  radial 
and  a  25  pound  thrust  load.  The  test  was  terminated  sifter  15  seconds  of 
operation.  The  friction  had  increased  from  less  than  0.1  to  a  value  in 
excess  of  .2.  A  speed  of  6000  rpn  was  attained.  Examination  of  the  bear¬ 
ing  after  test  indicated  severe  scoring  of  roller  ends  and  the  race  thrust 
faces. 
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TEST  R-10  ROLLER  BEARING  (NO  CAGE)  FULL  ROLLER  COMPLEMENT 

AfJ  GRAPHITE  SPACER  HOLLERS  .001  RADIAL  PLAY 


7M  RADIAL  LOAD,  M#  AXIAL  LOAD 


FIGURE  9  FRICTION  CURVES  BALL  AND  ROLLER  BEARINGS  IN  VACUUM 
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SLOTTED  CAGE  RING  FOR  ROLLER 
BEARING  TEST  R-4 


FULL  COMPLEMENT  ROLLER 
BEARING  AFTER  TEST  R-14 


FIGURE  1 1  TESTED  BALL  AND  ROLLER  REA  RINGS  AND  COMPONENTS 


A  photograph  showing  a  magnification  of  a  scored  roller  Is  shown  In 
Figure  12.  Examination  of  the  rollers  under  magnification  Indicated,  that 
the  radius  provided  did  not  smoothly  blend  with  the  roller  ends.  This 
radius  was  considered  to  be  the  cause  of  the  scoring  and  subsequent  high 
friction  values.  Prior  to  assembly  of  the  bearing  for  test  R-2,  the 
"chamfer"  on  all  roller  ends  vas  radiused  from  .005  to  ,010  inches. 

Test  R-2  vas  planned  for  operation  at  900®F  in  air  with  a  75  pound  radial 
and  a  25  pound  axial  load.  In  the  Initial  test  setup  a  heater  unit  was 
used  on  one  side  of  the  bearing  only.  With  this  arrangement  the  outer 
race  heating  temperature  on  the  heater  side  reached  1000 'F.  The  opposite 
side  of  the  outer  race  indicated  800*F.  Upon  initiation  of  shaft  rotation 
the  test  bearing  seized  after  about  2  to  3  seconds  of  operation. 

In  examining  the  bearing  after  test  all  rollers  were  found  to  be  in  a 
skewed  condition.  The  raceways  indicated  end  loading  of  the  rollers 
during  the  heating  cycle.  The  end  loading  was  evident  only  on  the  low 
temperature  side  of  the  bearing.  All  exposed  surfaces  of  the  rollers, 
the  raceways  and  cage  were  coated  with  a  dark  shiny  purple  oxide  film. 

These  surfaces  appeared  to  be  in  good  condition. 

The  failure  in  this  test  vas  attributed  to  the  axial  thermal  gradient 
across  the  raceways  which  caused  the  roller  end  loading  with  subsequent 
skewing  and  seizure.  This  failure  illustrates  the  sensitivity  of  the 
roller  design  to  axial  thermal  gradients. 

Because  the  bearing  remained  in  good  condition,  it  was  reinstalled  in  the 
test  machine  for  continuation  of  test  R-2.  A  new  heating  unit  had  been 
fabricated  to  provide  radiation  to  both  sides  of  the  bearing. 

After  a  gradual  heating  period  for  1  hour  the  bearing  attained  temp¬ 
eratures  of  675 *F  on  the  front  and  625 *F  on  the  rear.  Inasmuch  as 
frictional  heating  was  expected  to  provide  a  temperature  increase, 
rotation  was  initiated.  The  initial  breakaway  friction  value  was  0.15. 

The  friction  then  decreased  for  about  30  seconds  to  .08.  After  30  seconds 
of  operation  the  friction  became  erratic  with  a  seizure  occurring  after  a 
total  time  of  2  minutes.  A  maximum  speed  of  8000  rpm  was  attained.  The 
final  bearing  temperature  was  970*F  front  and  86o*F  rear. 

Examination  of  the  R-2  test  bearing  after  test  revealed  an  unusual  con¬ 
dition.  The  0.5#  Ti  Mo  main  cage  ring  was  heavily  oxidized.  The  oxi¬ 
dation  products  had  deposited  or  reacted  with  all  exposed  bearing  surfaces. 
This  deposition  or  reaction  is  evident  on  the  bearing  outer  race  shown  in 
Figure  13.  The  bearing  press  fit  installation  in  the  housing  apparently 
protected  the  center  section  of  the  ring  from  the  deposition  or  reaction 
products . 

The  examination  of  the  roller  ends  and  race  thrust  faces  revealed  a  bright 
polished  surface.  The  raceways  and  rollers  appearance  indicated  that 
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FIGURE  1  2  ROLLER  END  WEAR  MAGNIFIED 


FIGURE  1  3  ROLLER  BEARING  TEST  R-2 
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about  half  the  width  of  the  race  was  carrying  the  load.  The  load  zones 
were  tom  rough  and  pitted.  It  is  considered  that  the  deposition  or 
reactl  >n  products  from  the  0.5$  TiMo  cage  contributed  to  the  wear  and 
deterioration  of  the  raceways  and  rollers.  These  products  were  apparently 
thrown  out  of  the  bearing  on  the  thrust  faces.  In  the  raceway,  however, 
the  products  were  retained  and  were  abrasive  in  nature . 

For  subsequent  in-air  tests,  the  0.5$  TiMo  alloy  min  rings  were  coated 
with  an  oxidation  protective  surface.  This  surface  was  a  Boeing  developed 
silicide  coating,  DiSil-1,  which  had  demonstrated  effective  oxidation  pro¬ 
tection  on  Mo  alloys  at  2000 *F  for  over  40  hours.  This  coating  was  intend¬ 
ed  to  eliminate  any  influence  of  the  Mo  alloy  oxidation  products  on  roller 
hearing  performance. 

During  the  protective  coating  application  the  0.5$  Ti-Mo  alloy  rings  were 
exposed  to  a  temperature  of  l850*F.  This  high  temperature  exposure  caused 
an  out  of  round  distortion  of  0.005  to  0.007  inch  in  the  main  rings.  This 
factor  eliminated  the  possibility  of  using  the  DiSil-1  coating  for  the  cage 
main  Ting3. 

In  te;}t8  R-3,  R-5,  R-7  and  R-8  the  base  line  configuration,  the  pinned 
cage,  ' i cs  evaluated  with  different  dry  films.  The  lead  oxide  coated 
bearir*  test  R-8  indicated  the  lowest  wear  rate  in  these  tests.  (Figure 
10)  /.  ignif leant  variation  in  the  relative  wear  of  rollers,  inner  race 

and  out  r  race  was  evident  in  these  tests.  One  cause  for  this  variation 
may  he  le  to  roller  installation  misalignment  which  may  be  inherent  in 
the  pi.  i  id  cage  design.  This  factor  may  also  contribute  to  the  increased 
total  vi  or  evident  in  all  the  caged  bearing  designs. 

Tests  R  4  and  R-6  were  conducted  to  determine  the  effect  of  wear  debris 
removal  luring  tests  with  the  slotted  cage.  With  the  exception  of  the 
slotted  iage  modification,  tests  R-6  and  R-4  were  identical  to  tests  R-l 
and  R-3  respectively.  Exam! nation  of  the  hearings  and  housing  sifter  tests 
R-4  and  R-6  showed  significantly  less  debris  in  the  bearing  and  signifi¬ 
cantly  more  debris  in  the  housing  than  In  previous  tests.  The  slotted 
cage  was  apparently  effective  in  creating  sufficient  air  flow  through  the 
hearing  to  remove  wear  debris .  The  beneficial  effect  of  wear  bris 
removal  vas  evident  from  the  increased  run  time  of  test  R-6  over  test  R-l. 
The  removal  of  wear  debris  decreased  the  tendency  toward  bearing  seizure. 

In  comparison  of  test  R-3  with  R-4  (the  slotted  cage)  an  increased  wear 
rate  was  shown  for  R-4.  This  may  he  due  to  the  lubrication  effect  of  the 
debris.  A  possibility  exists,  therefore,  that  the  rate  of  debris  removal 
is  an  important  factor. 

The  third  roller  configuration  tested  (R-ll),  the  full  roller  complement 
bearing,  exhibited  a  lower  wear  rate  than  all  previous  roller  tests. 

(figure  10)  This  may  he  the  result  of  decreased  stress  due  to  the 
increased  roller  complement.  A  constant  bearing  friction  value  of  .018 
was  recorded  during  this  test.  The  performance  of  this  bearing  is  signifi¬ 
cant  in  light  of  the  fact  that  the  bearing  vas  unlubricated. 


33 


4 


l 


i 


I 


« 


I 


! 

r* 


« 


I 


Teat  R-10  was  conducted  to  determine  the  effect  of  axial  load  on  roller 
bearing  wear.  In  this  test,  the  minimum  axial  load  (less  than  1  pound) 
required  to  retain  the  bearing  on  the  test  shaft  was  used.  Ifre  full  75 
pound  radial  load  was  applied.  She  wear  rate  under  this  condition  was 
.025  inch  per  hour.  Examination  of  the  bearing  after  test  indicated  that 
a  significant  temperature  differential  occurred  across  the  bearing  inner 
race.  It  is  considered  that  this  factor  would  have  caused  roller  skewing. 
The  skewed  rollers  then  may  have  caused  the  excessive  wear  rate.  Apparent¬ 
ly  the  elimination  of  axial  load  increased  the  bearing  sensitivity  to 
roller  skewing  with  the  resultant  high  wear. 

In  test  R-12  a  full  complement  carbide  bearing  was  tested  with  races 
coated  with  the  lead  oxide  film.  After  one  minute  of  operation  the 
bearing  seized.  Throughout  the  one  minute  run  several  high  torque  peaks 
were  indicated.  Examination  of  the  bearing  after  test  showed  the  rollers 
to  be  in  a  skewed  condition.  Light  scoring  was  evident  on  the  roller  ends. 
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In  test  R-13  the  full  roller  complement  bearing  was  again  evaluated  with 
the  lead  oxide  film  coating.  In  addition  to  applying  lead  oxide  to  the 
raceways,  all  rollers  were  also  coated.  The  bearing  test  was  terminated 
due  to  an  excessive  wear  condition  after  one  hour  and  52  minutes. 

Test  R-9  was  originally  scheduled  for  evaluation  as  a  pinned  cage  design 
with  a  raceway  and  roller  lubricant  film  of  calcium  fluoride.  A  chemical 
reaction  occurred  between  the  calcium  fluoride  and  the  titanium  carbide 
cermet  material.  No  bond  could  be  obtained  between  the  fluoride  and  the 
carbide  materials . 

Because  of  the  difficulties  encountered  with  the  fluoride  film  appli¬ 
cation,  another  bearing  was  substituted  for  the  R-9  test.  The  substituted 
bearing  was  the  final  basic  design  modification  evaluated  in  the  Phase  I 
roller  bearing  tests .  It  consisted  of  a  full  roller  complement  design  in 
which  alternate  spacer  rollers  were  fabricated  from  a  lubricant  material. 
The  material  selected  for  the  initial  lubricant  spacer  roller  was  ATJ 
graphite.  Prior  to  test  the  assembled  bearing  was  dipped  into  a  colloidal 
suspension  of  graphite  to  apply  an  initial  coating  of  dry  film  lubricant 
to  all  surfaces.  Because  the  bearing  design  was  not  originally  intended 
for  a  full  complement  bearing,  a  very  high  (0.350  inch)  circumferential 
clearance  resulted.  The  bearing  was  operated  for  a  period  of  kO  minutes. 
During  the  final  minute  of  operation  the  friction  increased  to  a  peed: 
value  of  .Oh-5.  Examination  of  the  rollers  and  raceways  revealed  a  light 
(.0001  inch)  build-up  of  graphite  on  all  surfaces.  Bie  lubricating  rollers 
had  decreased  in  diameter  0.003  inch.  One  lubricating  roller  showed 
severe  end  wear.  Both  ends  of  this  roller  were  chamfered  about  l/l6  x  h5*. 
It  Is  considered  that  this  chamfered  condition  was  caused  by  roller  skew¬ 
ing  as  a  result  of  the  high  circumferential  clearance  in  the  bearing. 

Wear  measurements  of  the  carbide  surfaces  showed  that  this  ^est  resulted 
in  the  lowest  wear  rate  (0.00015  Inch/hour)  of  all  bearings  tested  in  the 
Phase  I  pregram.  (Figure  10) 
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Test  R-lM-  was  a  repeat  of  the  R-9  test  cited  above  with  the  exception 
of  a  change  in  lubricating  spacer  roller  length.  In  order  to  reduce  the 
spacer  roller  end  wear  the  length  was  reduced  to  0.001  inch  lees  than 
the  carbide  rollers.  This  bearing  operated  for  the  identical  time  period 
as  test  R-9-  The  wear  rate  and  type  failure  were  also  identical. 

Hie  decrease  in  lubricating  spacer  roller  length  produced  no  significant 
effect  on  bearing  performance.  A  frictional  torque  vs.  time  chart  for 
this  test  is  shown  in  Figure  8. 

In  test  R-15  a  silicon  carbide-graphite  composite  was  evaluated  as  a 
spacer  roller  material.  The  test  was  terminated  due  to  high  friction 
after  27  minutes  of  operation.  Again  end  chamfering  vas  noted  on  one 
roller.  The  wear  rate  (see  Figure  10)  vas  significantly  higher  with  this 
composite  than  with  the  ATJ  graphite  material. 

In  test  R-16,  0.005  inch  undersize  carbide  rollers  were  coated  with  a 
0.002  inch  thickness  of  8ll  dry  film.  Five  of  these  rollers 
were  used  as  spacer  rollers  in  the  test  bearing.  The  test  was  terminated 
after  45  minutes  due  to  an  excessive  wear  rate.  Examination  after  test 
revealed  that  the  0.002  inch  thickness  of  dry  film  vas  completely  removed 
from  the  spacer  roller  diameter. 

Test  R-17  was  a  full  complement  roller  bearing  with  races  and  rollers 
coated  with  a  phthalocyanine  film.  The  chromic  acid  pretreatment, 
described  in  the  "Materials  Section"  of  this  report,  was  used  prior  to 
film  application.  The  wear  rate  for  this  test  (see  Figure  10)  was  higher 
than  the  unlubricated  full  complement  bearing  test  number  R-ll. 

In  test  R-l8,  a  No.  2480  oxidation  resistant  graphite  material  was 
used  as  a  lubricating  spacer  roller.  The  inner  race  was  reduced  in  dia¬ 
meter  to  provide  a  .002  inch  radial  play.  After  30  minutes  of  operation, 
the  test  was  terminated  due  to  a  seizure  condition.  Examination  showed 
that  one  roller  was  chamfered  on  both  ends .  It  had  skewed  90*  and  caused 
the  seizure  condition.  Wear  rate  on  this  bearing,  0.0008  in  1  hour,  was 
the  second  lowest  of  all  roller  bearings  tested. 

In  test  R-19,  a  lubricating  spacer  roller  consisting  of  a  50#  nickel,  5 0# 
molybdenum  disulfide  hot  pressed  composite  was  evaluated.  After  4  minutes 
of  operation,  the  test  was  terminated  due  to  seizure.  Examination  revealed 
a  cracked  outer  raceway  which  was  caused  by  high  stress  resulting  from  a 
large  (in  excess  of  .001  Inch)  build  up  of  nickel  on  the  raceways. 

The  final  Phase  I  roller  bearing  test,  R-20,  was  conducted  under  vacuum 
conditions.  The  bearing  selected  was  the  previously  tested  low  wear  rate 
ATJ  graphite  spacer  roller  design.  The  inner  race  was  reduced  in  diameter 
to  provide  a  radial  play  of  0.'02  inch.  It  vas  recognized  that  the 
effectiveness  of  graphite  lubrication  was  reduced  under  vacuum  conditions. 
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However,  tt  was  considered  that  the  effectiveness  of  graphite  lubrication 
in  this  bearing  design  should  be  investigated.  After  3-l/2  minutes  of 
operation  under  pressures  between  2  x  10“^  and  2  x  10~%m  Hg,  the  bearing 
seized.  Subsequent  examination  revealed  a  9®°  skewed  roller  condition 
and  lubricating  roller  chamfer  similar  to  test  R-18.  A  170  times  increase 
in  wear  rate  over  the  in-air  test  (R-lk)  was  measured.  A  coefficient  of 
friction  versus  time  recording  for  the  test  is  shown  in  Figure  9* 


k.  DISCUSSION  AND  ANALYSIS 

This  section  includes  a  general  analysis  of  the  three  types  of  bearings 
evaluated  in  the  Phase  I  program. 

Plain  Bearings 

All  plain  bearings  tested  exhibited  high  wear  rates  and  high  friction 
when  compared  to  the  rolling  element  bearings.  None  of  the  bonded  dry 
films  tested  were  satisfactory  as  lubricants  under  the  operating  conditions 
investigated.  However  the  dry  film  coatings  did,  to  a  small  degree,  pre¬ 
vent  initial,  seizure  in  this  type  of  bearing.  The  friction  data,  in 
general,  indicates  that  the  dry  film  lubricant  coatings  exhibited  higher 
friction  during  start  than  during  the  high  speed  run.  This  may  be 
attributed  to  the  general  decrease  in  friction  coefficient  of  refractory 
materials  with  increases  in  temperatures. 

The  effectiveness  of  the  phthalocyauine  film  as  a  lubricant  1b  directly 
related  to  the  bearing  material.  This  factor  is  very  evident  from  the 
comparison  of  the  wear  rates  in  Figure  3 ♦  'She  refractory  hard  materials 
exhibited  low  wear  rates  (less  than  .002  inch/hour)  whereas  the  relatively 
soft  superalloy  wear  rates  were  in  excess  of  .020  inch/hour. 

The  high  temperatures  introduced  by  the  sliding  friction  inherent  in  the 
plain  hearing  design  creates  additional  operational  problems.  Localized 
heating  at  the  sliding  interface  introduced  high  thermal  stresses  and 
subsequent  fracture  in  the  majority  of  the  refractory  materials  tested: 

The  high  temperatures  also  necessitate  obtaining  dry  film  lubricants 
which  are  effective  over  a  broader  temperature  spectrum. 

Ball  Bearings 

Three  basic  configurations  were  tested  in  the  ball  bearing  effort.  It  was 
demonstrated  in  each  type  that  bonded  dry  film  lubrication  is  inadequate 
to  cope  with  the  conditions  imposed.  Hone  of  the  dry  lubricants  resulted 
in  a  significant  performance  increase  over  the  un lubricated  bearings. 

The  full  complement  bearing  was  the  most  satisfactory  of  the  designs 
tested.  The  success  of  this  design  in  the  high  temperature  environment 
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is  attributed  to  the  material.  Hie  temperatures  produced  by  frictional 
heating  in  a  full  complement  design  are  of  several  hundred  degrees  in 
magnitude.  Conventional  steel  bearings  are  therefore  speed  limited  due 
to  frictional  heating  and  the  subsequent  softening  of  the  material.  How¬ 
ever,  the  full  complement  bearing  made  from  the  carbide  material  was  not 
adversely  influenced  by  the  frictional  heating.  This  material  selection 
therefore  resulted  in  a  moderately  successful  full-type  bearing.  The 
original  selection  of  vide  curvatures  was  also  a  contributing  factor  to 
the  success  of  this  type  bearing.  It  was  apparent  from  the  1500*F  test 
that  the  oxidation  product  of  the  carbide  material  at  this  temperature 
functions  quite  adequately  as  a  lubricant.  This  test  exhibited  a  very- 
low  wear  rate  and  the  bearing  was  definitely  capable  of  further  operation 
when  stopped.  The  source  of  this  lubricant  and  hence  the  performance  of 
the  bearing  was  impaired  in  the  vacuum  environment. 

Roller  Bearings 

The  investigation  of  the  various  methods  of  roller  separation  indicated 
the  most  significant  effect  on  roller  bearing  performance. 

Hie  original  design  which  utilized  the  pinned  cage  was  the  least  satis¬ 
factory.  All  bearings  with  pinned  cages  exhibited  high  wear  rates.  This 
may  have  resulted  from  roller  misalignment  in  the  cage.  Hie  design  did 
eliminate  the  high  speed  sliding  friction  generally  associated  with  con¬ 
ventional  designs.  The  surface  speed  was  reduced  from  a  conventional  cage 
value  of  3100  feet  per  minute  to  less  than  300  feet  per  minute .  Unlike 
conventional  high  speed.,  high  temperature  bearing  failures,  no  cage  fail¬ 
ures  were  obtained  with  this  design.  Hie  maximum  pin  wear  did  not  exceed 
0.002  inches  in  any  test.  Hits  cage  design  may  prove  to  be  satisfactory 
for  high  temperature  applications  which  have  other  than  a  bonded  dry  film 
lubrication  system. 

The  low  wear  rates  of  the  lubricant  spacer  roller  full  complement  design 
indicated  a  high  potential  for  this  separator  concept.  Hie  primary  reason 
for  the  success  of  this  concept  is  believed  to  be  the  increased  quantity  of 
dry  lubricant  available  in  the  bearing.  In  comparison  to  the  bonded  film 
bearings,  the  lubricating  spacer  roller  introduced  several  thousand  times 
the  quantity  of  dry  lubricant. 

Hie  failures  in  this  design  were  typified  by  the  skewed  condition  of  the 
lubricating  spacer  roller.  It  is  considered  that  the  primary  cause  for 
these  failures  was  the  high,  0.350  inch,  circumferential  clearance  in  the 
bearing.  A  reduction  in  the  circumferential  clearance  to  0.050  inches 
was  therefore  planned  for  the  Phase  II  design.  It  was  believed  that  this 
modification  would  reduce  the  roller  skewing  tendency  and  provide  an 
improved  balanced  design. 


37 


D. 


PHASE  X  COHCLUSIOHS 


X 

t 


i 


I 


1.  Hone  of  the  conventionally  bonded  dry  films  tested  were  satisfactory  as 
lubricants  for  the  bearings  under  the  operating  conditions  investigated. 

2.  Plain  bearings  exhibited  higher  friction  coefficients  and  wear  rates  than 
the  ball  and  roller  bearing  designs  investigated. 

3*  Hie  best  plain  bearing  performance  was  obtained  with  a  titanium  carbide 
bearing  and  shaft  both  coated  with  a  phthalo cyanine  film.  It  operated 
within  a  friction  coefficient  range  of  0.28  to  0.22  and  had  a  wear  rate 
of  .001  inches  per  hour. 

U.  Two  different  bearing  designs,  which  used  unconventional  dry  film 
lubricant  techniques,  demonstrated  the  feasibility  of  operation  at 
15,000  rpm  in  900*F  air. 

One  feasible  design,  a  full  complement  titanium  carbide  cermet  roller 
bearing  which  used  A3J  graphite  as  a  spacer  roller  to  provide  a  replenish¬ 
ing  supply  of  lubricant  film,  had  the  lowest  wear  rate  (0.00015  inches  per 
hour). 

The  other  feasible  design,  a  full  complement  titanium  carbide  cermet  ball 
bearing  which  was  lubricated  by  the  oxide  film  formed  on  the  bearing  sur¬ 
faces  at  elevated  temperature,  had  the  lowest  friction  coefficient 
(  p.  «=  0.002)  of  all  bearings  tested  in  Riase  I. 
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PEASE  II  BEARING  TESTS  TO  1500*F  IN  VACUUM 


The  following  contractual  requirements  were  originally  specified  for  the 
Phase  II  program: 

1.  To  develop  dry  lubrication  techniques  and  conduct  research  on  new  dry  film 
formulations . 

2.  To  test  one  hundred  bearings  at  temperatures  to  1500*F  at  15,000  rpn  in  air 
and  vacuum  environments . 

3.  To  expose  ten  bearings  to  nuclear  radiation  prior  to  test. 

After  completion  oi  Phase  I,  the  program  was  directed  toward  accomplishing 
the  above  requirements.  A  lubricant  development  program  which  was  initiated  at 
the  beginning  of  the  contract  was  continued.  This  lubricant  develop  aent  program 
was  supplemented  by  &  subcontract  with  the  Washington  State  University.  Hew 
designs  for  ball  and  roller  bearings  which  used  a  lubricant  composite  material  as 
a  rolling  element  separator  were  completed.  Procurement  and  testing  were  initiated. 
The  design  and  fabrication  of  a  container  for  radiation  exposure  were  completed. 

In  the  initial  seven  bearing  teats  conducted,  failures  of  the  lubricant 
composite  materials  indicated  that  an  increased  emphasis  on  lubricant  development 
In  the  program  would  be  desirable.  As  a  result,  the  contract  was  amended  to  include 
the  following  supplemental  agreement; 

"The  Contractor  shall  fabricate  and  evaluate  by  means  of  compressive  load 
fracture  tests  lubricant  compacts  made  of  500  different  ccmbiiiaxlons  of 
materials.  The  best  fifty  material  combinations  made  into  lubricant  com¬ 
pacts  shall  be  further  evaluated  by  laboratory  wear  tests  and  by  use  in 
the  fifty  bearings  to  be  tested.......". 

Under  the  emended  program  the  lubricant  composite  materials  were  fabricated  and 
tested.  Six  additional  ro31er  bearing  tests  were  conducted  with  the  new  composite 
materials  in  a  vacuum  environment.  These  tests  all  resulted  In  early  failures  due 
in  part  to  excessive  lubricant  build-up  within  the  bearing.  During  the  same  time 
period  an  investigation  of  a  graphite  separator  bearing  design  was  conducted  under 
a  Boeing  Company  sponsored  research  program.  Those  tests  showed  a  significant  im¬ 
provement  in  performance  for  the  graphite  separator  cage  over  the  graphite  rolling 
element  separator  design. 

Upon  completion  of  the  aforementioned  tests,  the  results  of  the  program  were  review¬ 
ed  by  the  Aeronautical  Systems  Division  Project  Monitor.  During  this  review  the 
results  of  the  testing  completed  were  analyzed  with  respect  to  the  continuation  of 
the  contract  effort.  It  appeared  desirable  to  modify  the  bearing  design  and  to 
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Incorporate  a  lubricant  composite  material  separator  prior  to  continuation  of 
bearing  testing,  the  program  was  therefore  redirected  to  include  the  following 
changes: 

1.  Modify  all  remaining  roller  bearing  rings  to  incorporate  a  raceway  relief 
radius. 

2.  Fabricate  separator  rings  and  pins  for  both  ball  and  roller  bearings. 

3.  Using  best  lubricant  compacts  developed  test  bearings  to  prove  the  new 
design. 

the  bearing  modification  and  separator  component  fabrication  cited  above  were 
completed,  five  additional  bearing  tests  were  conducted  in  the  high  temperature- 
high  vacuum  environment,  these  tests  indicated  the  feasibility  of  the  lubricant 
composite  separator  design  for  high  vacuum  operation.  Details  of  the  work  com¬ 
pleted  are  Included  in  the  following  sections  of  this  report: 

A.  BEARUG  DESIOH,  Page  kO 

B.  TEST  EQUIFMEK,  Page  k6 

C.  BEARIKU  TESTU»,  Page  Vf 

D.  RADIATIOH  TEflTDSO,  Page  68 

E.  PHASE  II  LUBRICA1T  DETELOMEflT.  'MATERIALS  SECTIOH",  Page  9 6 


A.  BEARISH  DESUJ1 

the  design  of  the  bearings  used  for  the  Ifcase  II  program  was  predicated  upon 
the  results  of  the  Phase  I  testing.  (Phase  I  tests  are  summarized  in  Tables 
I,  II  A  III  of  this  report).  The  Phase  I  tests  indicated  that  the  rolling 
element  bearings  were  superior  to  the  plain  bearing  design  under  the  test 
conditions  specified  by  the  contract. 

1.  ROLLER  BEARUnS 

The  lowest  wear  rates  in  the  Phase  I  program  were  obtained  with  a  full 
complement  roller  bearing.  It  was  a  double  lip  inner  and  a  single  lip 
outer  race  design,  the  bearing  raceways  were  fabricated  from  a  titanium 
carbide  cermet,  H62-B.  The  bearing  had  a  roller  complement  of  ten.  Five 
load  carrying  rollers  of  titanium  carbide  were  separated  by  five  ATJ 
graphite- lubricant  spacer- rollers.  The  bearing  was  originally  designed 
for  operation  with  five  3/8- inch  diameter  carbide  rollers  and  a  roller- 
controlled  separator.  When  used  as  a  full  complement  design,  the  circum¬ 
ferential  clearance  was  Q.300  ihch.  The  maximum  radial  play  was  0.001  inch. 


5  PARTS  REQUIRED  PER  ASSEMBLY  -  LENGTHS  OF  ALL 
PARTS  U  OKE  ASSEMBLY  TO  BE  WITHIN  .0002". 


1.  Inner  race  to  fee  concentric  with  feore  within  +.0003  TIR. 

2.  Raceway  taper  not  to  exceed  .0002  over  length  of  raceway. 

3.  Material  is  Kennametal  K162B  Titanium  Carbide. 

t.  Thrust  faces  to  be  _L  to  bearing  <£_  .  Runout  parallel  to  not  to 
exceed  .003  TIR. 


FIGURE  Ik  PHASE  II  ROLLER  BEARING 


ROLLER  BEARING  RACEWAY  MODIFICATION 


In  the  original  Phase  II  program  a  series  of  different  lubricant  composites 
were  planned  for  eraluatlen  as  spacer- rollers  In  a  similar  bearing  design. 
The  detail  drawing  of  the  design  selected  is  shewn  on  Figure  14.  In  this 
design  the  circumferential  clearance  vas  reduced  to  0.050  inch  by  Incor¬ 
porating  a  larger  diameter  roller  on  the  same  pitch  circle  as  the  Phase  I 
bearing  design.  The  roller  size  vas  Increased  to  0.40625  Inch.  In  order 
to  accommodate  the  dry  film  lubricant  build-up  on  the  raceways  and  load- 
carrying  rollers,  the  radial  play  vas  increased  to  the  range  0.0021  to 
0.0041  inches. 

Under  the  redirected  Phase  II  program,  the  roller  bearing  design  was 
modified  to  provide  a  raceway  relief  to  permit  egress  of  wear  debrl.  Also 
incorporated  in  this  raceway  modification  was  an  effective  decrease  in 
thrust  face  shoulder  height.  (See  Figure  15)  These  changes  were  Indicated 
as  a  result  of  the  analysis  of  the  failed  bearings  tested  in  the  initial 
Phase  II  program,  (ftils  analysis  is  covered  in  detail  in  section  "C" 
of  this  report). 

The  major  modification  of  the  bearing  design  under  the  redirected  program 
vas  the  incorporation  of  a  lubricant  composite  material  into  a  roller 
separator.  To  facilitate  manufacture  the  number  of  rollers  vas  increased 
from  the  original.  5  to  6.  The  assembly  and  the  various  components  of  the 
separator  are  shown  on  Figure  16. 

The  cage  vas  controlled  by  permitting  the  lubricant  composite  material  to 
ride  on  the  loner  race.  The  design  clearance  between  the  inner  race  and 
the  lubricant  composite  material  of  the  separator  was  0.005  inches.  The 
roller  pocket  clearance  vas  0.010  inch. 


VHHH  .0002"  TIR 


1. 


2. 


+  .00005  sphericity 


Ball,  race  surface  finish  not  to  exceed  5  IMS. 
Ball  race  to  he  parallel  to  face  vlfehin  +.0002 
Material  Is  tltaaiua  carbide  KJ.62B- 


SIR 


naURE  17  PHASI  II  BAIX  BEARXK3 


3- 


BALL  BEAR  HO 


The  original  bail  bearing  design  followed  the  concept  cited  above .  It  was 
an  angular  contact  type  with  five  carbide  load- carrying  balls  and  five 
lubricant- composite  spacer  balls.  The  raceway  curvatures  were  maintained 
at  56^  to  decrease  ball- to- race  sliding  and  to  permit  egress  of  wear  debris. 
A  detail  drawing  of  this  design  is  shown  on  Figure  17. 

Under  the  redirected  Phase  II  program  the  hall  bearing  design  was  modified 
to  incorporate  six  carbide  load- carrying  balls  and  a  lubricant  composite 
separator.  The  separator  was  controlled  by  contact  of  the  lubricant  com¬ 
posite  material  oh  the  inner  race  lands.  The  design  clearances  were  0.005 
inch  between  the  lubricant  composite  material  and  the  inner  race  land  and 
0.010  inch  in  the  ball  pocket.  A  sketch  of  this  separator  concept  is  shown 
on  figure  18. 


FIGURE  18  BALL  BEARING  LUBRICANT  COMPOSITE  SEPARATOR 


TEST  EQUIPMENT  FOR  1500eF  AND  10‘^mm  Hg 

The  test  equipment  used,  for  the  Phase  I  program  was  modified  for  the  Phase  II 
program,  'Hie  following  discussion  of  the  design  includes  changes  incorporated 
for  the  Phase  II  program. 

1.  DRIVE  AND  LOAD  SYSTEMS 

The  drive  and  load  systems  used  in  the  Phase  I  test  equipment  were  not 
changed  for  the  Phase  II  program. 

2.  FRICTION  MEASUREMENT 

The  friction  measuring  system  was  modified  to  eliminate  effects  of  elevated 
temperature  and  vacuum  on  the  strain  gage  instrumentation.  A  ceramic 
adhesive  was  used  to  bond  a  new  platinum  alloy  strain  gage  elements  to  the 
strain  beams.  This  system,  which  was  cured  at  1000*F,  provided  an  accurate 
(within  +  1$)  friction  recording  for  all  tests  conducted  in  the  redirected 
Phase  II  program. 

3.  HEATING  SYSTEM 

In  Phase  I  bearing  temperatures  of  900"F  and  1500"F  in  air  were  obtained 
with  a  nichrome  wire  resistance  heater  located  on  each  side  of  the  test 
bearing.  A  single  heater  was  used  for  plain  bearing  tests.  With  two 
heating  elements,  the  temperature  gradient  across  the  outer  race  of  anti¬ 
friction  bearings  did  not  exceed  15"?. 

Tantalum  wire  of  the  same  diameter  as  the  nichrome  was  used  satisfactorily 
for  Phase  II  tests  in  vacuum  at  1500*?. 

4.  VACUUM  SYSTEM 

The  vacuum  system  originally  consisted  of  a  mechanical  pump  and  a  h-inch 
diffusion  pump  connected  to  a  cold  trap.  This  system  would  provide 
pressures  as  lew  as  1  x  10-6mm  of  Hg.  With  neoprene  lip  seals  installed 
and  the  shaft  rotating  at  15,000  rpm,  a  vacuum  of  5  x  10“  5  was  held  over 
a  period  of  one  hour.  Viton  A  c^d  Teflon  seals  provided  the  same  pressure 
performance,  but  with  less  seal  wear. 

During  the  final  Phase  I  tests,  a  spring-loaded  graphite  face  seal  with  the 
inner  race  of  the  bearing  03  a  sealing  face  was  used  for  testing  a  ball  and 
a  roller  bearing  in  vacuum.  The  pressure  increased  to  50  microns  on  the 
first  test  due  to  poor  lubrication  of  the  seal,  but  a  vacuum  of  2  times 
10“ 5  was  attained  on  the  second  test  using  an  increased  supply  of  702 
fluid  as  a  lubricant. 


Fwr  the  Phase  II  program,  a  magnetic  graphite  face  seal  vas  ordered  and 
Installed  on  a  new  test  spindle.  The  nev  assembly  consisting  of  a  brass 
sleeve  adapter,  magnetic  graphite-face  seal  and  test  spindle  performed 
satisfactorily  at  15,000  rpm,  1500*F  and  a  pressure  of  2  x  10“ Hg. 
Daring  the  Initial  Phase  II  tests,  slight  leakage  occurred  at  the  lead-in 
vires  for  the  heater  elements  and  the  strain  bars.  An  application  of  red 
glyptal  to  the  lead-in  wire  sealing  glands  alleviated  this  problem. 

Prior  to  conducting  tests  under  the  redirected  Phase  II  program,  two 
modifications  to  the  vacuum  system  were  investigated  to  determine  if  a 
harder  vacuum  could  be  obtained.  The  initial  modification  consisted  of 
providing  a  low  pressure,  1  x  10“ 3am  Hg,  on  the  side  of  the  shaft  seal 
opposite  the  test  chamber.  This  pumping  which  vas  accomplished  with  a 
mechanical  roughing  pump  did  not  result  in  obtaining  a  lover  pressure. 

The  second  modification  consisted  of  providing  an  increased  pumping 
capacity.  The  original  pumping  system  vas  replaced  with  a  CVC  (DX&5A) 
oil  sealed,  tvo  stage  rotary  roughing  pump  and  a  CVC  (BMC721)  six  inch 
diffusion  pump. 

With  this  increased  pumping  capacity  a  minimum  pressure  of  7  x  10~^ran  Hg 
vas  obtained  with  shaft  rotation  at  15,000  rpa. 


BEARHKJ  TEST  RESUME  AND  ANALYSIS 

The  bearing  tests  in  the  original  Phase  II  program  vere  planned  to  determine 
the  feasibility  of  operation  at  15,000  rpn  in  air  and  vacuum  throughout  a 
temperature  spectrum  from  250*F  to  1500*F.  During  the  final  tests  in  Phase  I, 
it  vas  determined  that  operation  in  a  vacuum  vas  significantly  more  detrimental 
to  hearing  performance  than  operation  in  air.  For  this  reason  the  initial 
testing  in  Phase  II  was  planned  as  screening  tests  in  a  vacuum. 

Because  of  the  successful  performance  of  the  lubricant  spacer-roller  in  the 
Phase  I  program,  and  because  ol  simplicity  in  fabrication,  the  bearing  design 
selected  for  initial  Phase  II  testing  vas  the  lubricant- composite  spacer- roller 
bearing.  A  final  comparison  of  the  roller  and  ball  bearing  designs  vas 
planned  after  the  optimum  lubricant  composite  material  was  selected  in  the 
roller  bearing  tests. 

The  Initial  tests  were  conducted  at  15,000  rpm  with  a  75-pound  radial  and  a 
25-pound  axial  load.  The  results  of  these  tests  are  included  in  Table  VI  as 
tests  Mo.  1  through  So.  7.  The  three  preliminary  tests  conducted  in  Phase  I 
in  a  vacuum  environment  are  also  tabulated. 

The  bearing  failures  in  tests  Mo.  1  through  Mo.  7  were  attributed  to  the 
dimensional  instability  with  temperature  of  the  lubricant  composite  materials . 
The  successive  tests,  Ho.  8  through  Bo.  13,  were  conducted  with  stabilized 
lubricant  composite  materials.  Details  of  the  thermal  expansion  measurements 
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and  the  stabilizing  treatments  established  for  these  materials  are  described 
in  the  Phase  II  Lubricant  Development  Section  of  this  report. 

In  tests  No.  8  through  No.  13  all  bearings  were  20  mm  bore  size  KL62B  roller 
bearings  with  five  K162B  load  carrying  rollers  and  five  lubricant  composite 
spacer  rollers.  The  spacer  rollers  were  designed  to  be  0.002  inches  undersize 
at  1500®F.  The  results  of  these  tests  are  also  Included  on  Table  IV. 

In  addition  to  the  high  vacuum  tests  cited  above,  eight  tests  were  conducted 
in  air.  These  tests,  which  were  funded  by  Boeing  sponsored  research,  were 
conducted  on  a  Pope  tester  to  evaluate  the  lubricant  composite  spacer  rolling 
element  design  under  lower  speed,  load  and  temperature  conditions.  Table  V 
in  this  section  of  the  report  includes  the  details  of  this  investigation. 

Tests  No.  14-  through  No.  18  were  conducted  under  the  redirected  program.  In 
these  tests  lubricant  composite  materials  were  fabricated  into  a  separator 
design.  Three  roller  and  two  ball  bearing  tests  were  conducted.  Table  VI  is 
a  tabulation  of  these  test  results. 

The  results  of  all  tests  conducted,  an  analysis  of  the  bearing  failures,  and 
comments  applicable  to  each  series  of  tests  are  described  in  the  following 
discussion: 

BEARING  TESTS  -  NO.  1  THROUGH  NO.  7  (TABLE  IV ) 

Test  1  -  In  the  first  test,  lubricant  composite  Mo.  18  (80$  M0S2  +  10$  FbS  + 

10 $  Ni)  shown  on  Table  XVI  was  used  as  the  spacer- rolling  element.  A  cata¬ 
strophic  failure  occurred  after  1  minute  and  30  seconds  of  operation.  Rotation 
was  initiated  at  1470* F.  During  the  test  period  the  shaft  accelerated  to 
11,000  rpm.  At  the  time  of  failure,  the  temperature  had  increased  to  l850*F. 
The  pressure  varied  from  1  x  10“ 3um  Hg  to  8  x  10“ 5mm  Hg  during  the  test  period. 
Starting  friction  and  running  friction  were  0.062  and  0.04-1,  respectively.  The 
bearing  radial  play  before  test  was  0.0028  inches.  After  test  the  radial  play 
had  increased  to  0.0076  inches.  Based  upon  the  1  minute  and  30  seconds  of 
operation,  the  wear  rate  was  0.304-  Inches  per  hour. 

Examination  of  the  hearing  after  test  revealed  that  all  lubricant  rollers  had 
disintegrated.  The  bearing  was  filled  with  powdered  molybdenum  disulfide.  The 
test  chamber  interior  was  coated  with  same  products  of  the  lubricant  composite. 
At  the  maximum  temperature  and  pressure  conditions,  the  vapor  pressure  of  the 
lead  sulfide  exceeded  the  ambient  pressure  in  the  test  chamber  and  caused  the 
lubricant  roller  disintegration. 

Test  2  -  In  test  number  two,  the  lubriaant  roller  was  composite  Ho.  28 
(80#  MoS2  +  10$  graphite  +  10$  Ni).  After  3  minutes  and  4-5  seconds  of 
operation  the  bearing  seized.  The  shaft  had  accelerated  to  12, OCX)  rpm.  The 
temperature  increased  from  l4-75#F  at  the  start  to  l800*F  at  the  time  of  bearing 
failure.  A  minimum  pressure  of  5  x  10“ ^mm  Hg  was  obtained.  Starting  friction 
was  0.015.  Running  friction  was  not  obtained  due  to  a  recorder  malfunction. 
Prior  to  testing  the  radial  play  was  0.0028  inch. 


Examination  of  the  bearing  after  test  Indicated  a  build-up  of  lubricant  film 
on  raceways  and  rollers.  The  build-up  on  the  inner  race  diameter  vets  0.0039 
inch.  On  the  outer  race  diameter  the  build-up  was  0.0017  inch.  An  average 
build-up  of  0.0009  inch  was  indicated  on  the  carbide  rollers.  Ibis  combined 
build-up  on  all  surfaces  caused  an  internal  interference  of  0.0037  inches, 
lhls  factor  was  considered  to  be  the  cause  for  bearing  failure. 

Test  3  through  Test  6  -  In  each  of  these  tests,  the  bearing  froze  at  the  150Q°F 
test  temperature  before  rotation  beg  an.  On  lowering  the  temperature  from 
1500*F,  rotation  of  each  bearing  was  possible.  The  spacer- roller  diameters 
ranged  from  0.4000  to  0.4050  inch.  Bie  temperature  at  which  rotation  was 
possible  was  found  to  be  directly  related  to  the  spacer- roller  diameter.  Seiz¬ 
ure  for  the  bearing  with  0.4050  inch  diameter  spacer- rollers  occurred  at  650*F. 
The  bearing  with  .4000  inch  diameter  spacer- rollers  seized  at  1300 °F. 

Test  7  -  In  this  test,  lubricant  composite  Ho.  43  was  used  as  the  spacer¬ 
rolling  element.  In  order  to  investigate  operation  at  temperatures  below 
1500 *F,  rotation  was  initiated  at  70*F.  The  temperature  vas  increased  at  the 
rate  of  110*F  per  minute.  After  5  minutes  and  42  seconds  of  operation  a  high 
friction  was  indicated.  The  temperature  had  reached  700*F.  Examination  of  the 
bearing  after  test  revealed  a  complete  disintegration  of  the  lubricant  com¬ 
posite  spacer- rollers. 

Comments  Applicable  to  Tests  Ho.  1  Through  Hb.  7 

Due  to  the  lack  of  thermal  expansion  data  for  molybdenum  disulfide,  the  initial 
spacer- roller  design  had  been  predicated  upon  the  expansion  of  the  binder 
material  in  the  compact.  However,  the  expansion  coefficient  of  the  spacer- 
roller  material  greatly  exceeded  that  of  the  carbide  bearing  material,  'frie 
coefficient  of  linear  thermal  expansion  of  the  spacer- roller  material  was  cal¬ 
culated  from  the  relationship  between  the  spacer-roller  diameter  and  the 
seizure  temperature.  The  average  value  of  this  coefficient  for  the  9056  lubri¬ 
cant  and  1056  binder  material  is  18.2  x  10"®  in/in/'F.  Using  this  value,  the 
maximum  spacer- roller  diameter  to  prevent  seizure  at  1500°F  was  calculated  to 
be  0.396  Inches.  It  is  recognized  that  varying  either  the  lubricant  and  binder 
materials  or  their  ratios  would  affect  the  expansion  coefficient. 

The  high  thermal  expansion  of  the  spacer- rollers  contributed  significantly  to 
the  bearing  seizure.  Adjustments  in  -roller  diameter  to  compensate  for  high 
thermal  expansion  was  expected  to  prevent  recurrence  of  seizure  in  future 
bearing  tests. 

BEAR  IK}  TESTS  HO.  8  THROUGH  HO.  13  (TABLE  IV ) 

Teat  8  -  Testing  of  this  bearing  vas  initiated  at  1500#F  in  a  vacuum  of  2.5  x 
10" 5mm  Hg.  After  12  seconds  of  operation  the  test  was  terminated  due  tc 
excessive  friction.  A  maximum  speed  of  8000  rpn  was  attained.  The  vacuum 
level  in  the  chamber  had  decreased  to  a  value  of  1.0  x  10"3  mm  Hg.  Examination 
of  the  bearing  components  after  the  test  indicated  the  following: 
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Outer  Race  -  A  bright  oxide  film  was  apparent  on  all  surfaces.  The 
bore  diameter  decreased  0.0009  inch  due  to  lubricant  build-up.  A 
highly  burnished  raceway  and  thrust  face  surface  was  evident. 

Inner  Race  -  The  oxide  film  was  evident  on  all  surfaces.  The  raceway 
was  highly  burnished  but  with  no  measurable  lubricant;  build-up.  The 
thrust  face  showed  a  significant  evidence  of  scoring  as  a  result  of 
thrust  loading.  Galling  in  the  bore  indicated  evidence  of  rotation  on 
the  shaft. 

TiC  Rollers  -  Hie  carbide  rollers  were  oxidized  and  showed  evidence  of 
lubricant  build-up  on  the  diameter.  The  average  diameter  increase  was 
0.00033  inch.  The  roller  ends  in  contact  with  the  outer  race  thrust 
face  were  highly  polished.  Hie  opposite  roller  ends  in  contact  with 
the  inner  race  thrust  face  showed  significant  scoring  on  each  roller. 

Lubricant- Composites  -  The  composite  rollers  were  highly  burnished  on 
their  diameters.  Hie  roller  ends  in  contact  with  the  outer  race  thrust 
face  were  highly  polished.  Hie  roller  ends  in  contact  with  the  inner 
race  thrust  face  were  lightly  scored.  Hie  lubricant-composite  roller 
diameter  showed  an  average  increase  of  0.00040  inch  after  test. 

Radial  Play  -  Prior  to  test,  the  radial  play  was  0.00225  inch.  After 
test  the  radial  play  had  decreased  to  O.OOO69  inch. 

Test  8  -  Probable  Failure  Cause:  Hie  high  friction  indication  was  Judged  to  be 
due  to  the  carbide  roller  and  inner  race  thrust  face  scoring.  Hie  cause  for 
this  scoring  condition  has  been  investigated.  Hie  fact  that  the  outer  race 
thrust  face  was  highly  burnished  indicates  adequate  outer  race  thrust  face 
lubrication  from  the  lubricant -composite.  Due  to  the  difference  in  curvature, 
the  stress  of  the  roller  on  the  outer  race  is  lesB  than  the  stresB  on  the  inner 
race.  Hie  outer  race  thrust  face  roller  stress  is  580  psi  compared  to  660  psi 
for  the  inner  race  thrust  face  roller  stress.  It  was  considered  that  this 
difference  in  stress  was  not  sufficient  to  have  caused  the  significant  scoring 
on  the  inner  race  thrust  face  while  the  outer  race  was  in  perfect  condition. 

One  possible  sequence  of  events  leading  to  failure  is  as  follows:  (1)  high 
friction  on  the  inner  race  thrust  face  caused  increased  slippage  and  rotation 
of  the  inner  ring  on  the  shaft.  (2)  The  frictional  heating  due  %o  rotation  in 
the  bore  resulted  in  expansion  of  the  inner  race  with  a  subsequent  loss  of 
clearance  with  the  resulting  high  friction. 

The  examination  of  the  rollers  indicated  a  large  contact  area  vith  the  inner 
race  thrust  face  and  a  relatively  small  contact  area  with  the  outer  race  thrust 
face.  A  close  examination  of  the  outer  race  revealed  an  outward  taper  on  the 
thrust  face.  Hie  effective  thrust  shoulder  height  vas  found  to  be  approximately 
0.020  inches.  Hie  effective  shoulder  height  specified  on  the  drawing  for  the 
outer  race  was  0.06h  inches.  This  decrease  in  thrust  shoulder  height  has  tvo 
significant  effects:  (l)  Hie  stress  level,  increased  fra»  580  psi  to  about 
3000  psi.  (2)  Hie  sliding  velocity  between  the  roller  and  the  thrust  face  was 
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reduced  by  a  factor  of  about  3*  As  the  thrust  shoulder  height  decreases,  the 
sliding  velocity  also  decreases.  From  this  test  It  Is  apparent  that  with  dry 
film  lubrication,  the  higher  operating  stress  at  a  lew  surface  velocity  is 
preferable  to  the  low  operating  stress  and  higher  surface  velocity. 

Another  potential  problem  that  vac  evident  in  this  test  is  the  decrease  in 
radial  clearance  due  to  lubricant  build-up  on  the  raceway  and  rollers.  If 
operation  had  extended  over  a  longer  tine  period,  the  bearing  would  have  pro¬ 
bably  failed  due  to  the  reduction  in  internal  clearance. 

Test  9  -  Hie  bearing  for  this  test  was  scheduled  for  operation  in  vacuum  at 
1500*P.  The  bearing  was  Installed  in  the  test  fixture  and  a  vacuum  of  2  x 
10"  5mm  Hg  was  attained.  When  the  temperature  reached  1500*F,  an  initial 
indication  of  bearing  friction  was  obtained  by  hand  rotation  of  the  test 
spindle.  On  the  first  partial  shaft  rotation,  a  high  friction  residing  was 
evidenced.  After  several  additional  hand  spins,  the  bearing  seized.  216 
attempt  at  powered  operation  was  made. 

Test  9  -  Probable  Cause  of  Failure:  Upon  removal  from  the  test  chamber,  the 
cause  for  high  friction  was  evident.  Three  of  the  lubricant- composite  rollers 
had  fractured  radially  in  planes  perpendicular  to  the  central  axis  of  the 
rollers.  One  had  fractured  into  7  separate  discs.  Two  were  intact.  Hie 
records  indicate  that  the  composites  were  fabricated  from  three  separate  slugs 
(Ho's.  353,  377  and  378).  In  reviewing  the  hot  pressing  data,  an  unusual  event 
was  noted  during  the  hot  pressing  of  slug  number  378*  During  this  hot  pressing 
operation,  a  burnout  of  the  furnace  occurred  at  6lO*F.  Hie  uie  was  allowed  t~> 
cool  and  v as  subsequently  hot  pressed  after  a  new  heating  element  was  Installed. 
This  Initial  preheating  may  have  altered  the  physical  properties  of  the  material 
to  the  extent  that  failure  resulted  during  the  high  temperature-high  vacuum 
exposure . 

Prior  to  fabrication,  the  slugs  were  heat-treated  by  exposure  to  l800*F  for 
4  hours  in  an  argon  atmosphere.  Hilo  factor  indicates  that  the  high  tempera¬ 
ture  In  Itself  was  not  detrimental  to  the  composite  material  but  that  the  com¬ 
bined  effects  of  high  vacuum  and.  high  temperature  caused  the  failure . 

Teat  10  -  Hiis  test  was  initiated  at  1400"*?  in  a  vacuum  of  1  x  10‘Sm  Hg. 

During  initiation  of  rotation,  a  partial  loss  of  vacuum  occurred  in  the  test 
chamber.  Hie  duration  of  the  low  vacuum  period  was  approximately  two  seconds . 
Hie  Initial,  friction  reading  was  0.025.  In  order  to  avoid  any  detrimental 
effects  from  rapid  acceleration,  the  speed  was  gradually  increased.  After  the 
48  seconds  of  operation,  and  at  4q00  rpn,  the  friction  had  increased  excessive¬ 
ly.  The  test  was  terminated. 

Hii  examination  of  the  bearing  after  test  indicated  the  following: 

Outer  Race:  Ho  lubricant  build-up  was  evident  on  the  outer  race.  In  the 
non- contact  areas  an  oxide  film  was  evident.  Hie  measured  radial,  wear  was 
O.OOO65  inches.  Very  light  scoring  was  indicated  on  the  tnrust  face. 
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Inner  Race  -  No  wear  could  be  measured  on  the  inner  race.  A  visible  very- 
thin  film  of  lubricant  was  in  evidence.  However,  it  was  not  of  sufficient 
thickness  to  indicate  a  dimensional  change.  Light  scoring  was  in  evideice 
on  the  inner  race  thrust  face. 

TIC  Rollers  -  The  carbide  rollers  were  coated  with  a  dry  shiny  oxide  film. 
The  average  roller  wear  was  0.00071  inches.  Scoring  was  in  evidence  on 
both  roller  ends.  Thfe  entire  contact  zone  with  the  inner  race  was  scored. 
The  outer  25$  of  the  theoretical  contact  area  with  the  outer  race  shoved 
evidence  of  scoring. 

Lubricant- Composites  -  The  lubricant- canposites  were  in  excellent  condition. 
All  contact  surfaces  were  covered  with  a  dark  shiny  film.  The  average 
composite  wear  was  0.00058  inches. 

Radial  Play  -  Before  test  the  radial  play  was  0.0015  inches  After  t«Bt  the 
radial  play  had  increased  to  0.00357  inches. 

Test  10  -  Probable  Cause  of  Failure :  The  high  friction  which  was  the  cause  for 
bearing  failure  was  probsbly  directly  due  to  the  scoring  of  the  ends  of  the 
rollers.  This  scoring  as  well  as  the  high  wear  of  the  rollers  and  outer  race 
is  indicative  of  ineffective  lubrication  by  the  lubricant- composite  rollers 
under  the  high  vacuum-high  temperature  environments. 

Test  11  -  This  test  was  conducted  after  tests  8,  9>  10,  12  and  13  had  been 
completed.  These  tests  had  indicated  that  the  thrurt  load  may  have  contri¬ 
buted  to  an  early  failure  in  this  design.  Also,  in  these  tests  the  self- 
induced  temperatures  were  exceeding  the  temperature  at  which  the  lubricant- 
composites  had.  been  stabilized.  For  these  reasons,  Test  11  was  conducted 
under  lighter  loads  and  at  room  temperature  in  a  vacuum.  The  test  was  initiat¬ 
ed  in  a  vacuum  of  5  x  10"6mm  Hg.  The  thzusc  load  was  reduced  to  2  pounds. 

During  the  initial  30  seconds  of  operation,  a  friction  coefficient  of  0.02  was 
measured.  After  the  Initial  30  seconds,  the  friction  indication  Increased 
rapidly.  Upon  completion  of  1  minute  and  30  seconds  of  operation  the  test  was 
terminated  due  to  the  excessive  friction  (approximately  0.10).  The  maximum 
speed  was  8000  rpm. 

Examination  of  the  bearing  cunponents  after  test  indicated  the  following: 

Outer  Race  -  A  light  coating  of  lubricant  film  was  evident  in  the  raceway. 
Tae  measured  build-up  was  0.00005  inches.  The  thrust  face  was  highly 
polished  with  a  mirror- like  film  cf  lubricant. 

Inner  Race  -  A  light  lubricant  film  was  evident  on  the  raceway  and  thrust 
face.  The  raceway  build-up  vas  measured  as  0.00025  inches.  The  thrust 
face  showed  evidence  of  very  slight  scoring. 
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TIC  Boilers  -  fits  carbide  rollers  sere  coated  with  a  lubricant  film 
0.00068  Inches  thick.  The  roller  end  in  contact  with  the  outer  race 
shoved  virtually  no  evidence  of  contact.  Die  contact  area  vas  United 
to  a  circumferential  zone  about  0.005  inches  in  width  on  the  outside 
diameter.  Eie  roller  end  loaded  by  the  inner  race  showed  a  full  contact 
area  with  very  light  scoring  in  evidence. 

Lubricant- Composites :  Die  composite  rollers  had  a  glazed  burnished 
appearance.  One  roller  vas  broken  in  two  pieces.  It  had  a  circurfe'-.-ntial 
fracture  about  0.150  inches  from  the  roller  end  which  was  loaded  by  tie 
inner  race  thrust  face.  All  other  rollers  were  intact.  Die  roller  e:tds 
loaded  by  the  outer  race  were  slightly  chipped.  Die  ends  loaded  by  the 
inner  rac'>  were  glazed  and  burnished. 

Radial  Play  -  Before  test  the  radial  play  vas  0.0033  inches.  After  test 
the  radial  play  had  decreased  to  0.0016$  Inches. 

Test  11  -  Probable  Failure  Cause:  Die  fractured  lubricant- composite  was  the 
probable  final  cause  for  excessive  friction.  The  initial  friction  increase  and 
composite  fracture  may  have  been  due  to  the  dehria  from  the  chipping  of  the 
lubricant- composite  roller  ends.  This  chipping  probably  resulted  from  the 
lubricant  build-up  in  the  thrust  face  to  raceway  comer.  If  the  rate  of  lubri¬ 
cant  build-up  is  linear,  the  bearing  would  have  probably  failed  after  3  minutes 
of  operation  due  to  lubricant  build-up. 

Test  12  -  Test  12  was  initiated  at  1500*F  in  a  vacuum  of  1.5  x  10"  5am  Eg-  An 
excessive  friction  indication  resulted  in  test  termination  after  72  seconds. 

The  maximum  temperature  indicating  capability  of  the  recorder  (1800*F)  was 
reached  after  about  60  seconds  of  the  test.  The  maximum  speed  was  approxi¬ 
mately  10,000  rpsu  Upon  examination  of  the  bearing  after  test,  three  signifi¬ 
cant  changes  were  evident:  (1)  Die  inner  race  vas  fractured  circumferentially 
near  the  thrust  face  edge.  (2)  Die  ends  of  the  lubricant- composite  rollers  in 
contact  with  the  inner  race  were  all  badly  chipped  and  broken,  and  (3)  AH 
rollers  and  races  were  coated  with  a  mirror- like  layer  of  lubricants.  Photo¬ 
graphs  shaving  JX  and  10X  magnification  of  the  failed  bearing  components  are 
shown  on  Figures  4,  5,  6  and  7. 

The  detailed  examination  indicated  the  following: 

Outer  Race  -  Die  outer  race  lubricant  coating  resulted  in  a  diameter 
decrease  of  0.0008  inches.  The  thrust  face  was  highly  burnished  with  no 
evidence  of  scoring. 

Inner  Race  -  Die  inner  race  diameter  increased  0.0006  inches  as  a  result 
of  lubricant  build-up.  Die  thrust  face  lubricant  build-up  was  evident,  on 
the  surface  nearest  the  minor  diameter.  The  outer  half  of  the  thrust  face 
did  not  have  a  lubricant  coating;  very  light  scoring  was  evident  on  this 
surface.  Light  scoring  in  the  bore  was  evidence  of  rotation  between  the 
bore  and  shaft. 


TIC  Rollers  -  All  carbide  rollers  showed  evidence  of  a  heavy  build-up  of 
the  mirror- like  lubricant  coating-  The  average  roller  diameter  increase 
was  0.00152  inches.  All  carbide  roller  ends  in  contact  with  the  outer 
race  showed  no  evidence  of  scoring  hut  were  highly  burnished  over  25%  of 
the  theoretical  contact  area.  The  roller  ends  which  contacted  the  inner 
race  showed  evidence  of  scoring  over  the  entire  contact  surface. 

Lubricant- Composites  -  All  lubricant-composites  were  highly  burnished  on 
their  diameters  and  on  the  end  in  contact  with  the  outer  race.  The  ends 
in  contact  with  the  inner  race  thrust  face  were  all  badly  chipped  and 
scored.  The  lubricant- composites  indicated  an  average  diameter  increase 
of  0.00062  Inches.  This  growth  may  be  attributed  to  the  fact  that  the 
pre-test  heat  treatment  for  dimensional  stability  was  conducted  at  1800*F 
and  that;  in  test;  a  temperature  in  excess  of  1800*F  vas  attained. 

Radial  Play  -  The  radial  play  before  test  was  0.0018  inches.  Due  to  the 
lubricant  build-up,  no  radial  play  was  indicated  after  test.  The  build-up 
resulted  in  an  internal  interference  of  0.0026k  inches. 

Test  12  -  Probable  Failure  Cause:  The  failure  in  this  test  may  be  attributed 
to  the  loss  of  internal  clearance  due  to  lubricant  build-up  and/or  the  deterio¬ 
ration  of  the  lubricant-composite  in  contact  with  the  inner  race. 

Test  13  -  This  test  vas  initiated  at  1500*F  in  a  vacuum  of  3  x  10" ^mm  Rg. 

After  51  seconds  of  operation  the  test  was  teminated  due  to  excessive  friction. 
A  maximum  speed  of  7000  rjpm  was  attained.  Examination  of  the  bearing  components 
after  test  indicated  the  following: 

Outer  Race  -  The  outer  race  was  coated  with  a  dark  shiny  lubricant  film  on 
all  contact  surfaces.  This  build-up  was  measured  to  be  0.0001  inches.  The 
thrust  face  was  in  good  condition.  Due  to  the  high  internal  stresses 
caused  by  the  lubricant  build-up,  two  small  sections  (0.060  inches  wide) 
were  broken  from  the  outside  edge  of  the  racerway  on  disassembly  of  the 
bearing  after  test. 

Inner  Race  -  The  raceway  vas  coated  with  the  dark,  shiny  lubricant  film. 

The  thrust  face  vas  very  lightly  scored.  Score  marks  Indicative  of  shaft 
rotation  were  evident  in  the  bore.  The  lubricant  film  build-up  increased 
the  raceway  diameter  by  0.00035  inches. 

TIC  Rollers  -  AH  roller  diameters  were  coated  vith  the  dark,  shiny 
lubricant  film.  The  average  roller  diameter  increase  vas  0.0013  Inches. 

The  roller  ends  in  contact  with  the  outer  race  showed  evidence  of  light 
scoring.  The  roller  ends  in  contact  with  the  inner  race  shoved  evidence 
of  heavier  scoring.  All  roller  ends  were  chipped  on  an  average  of  0.125 
inch  on  the  circumference. 


FIGURE  19  FAILED  ROLLER  BEARING  TESTS 


FIGURE  21  FAILED  ROLLER  BEARING  TESTS  12  AND  13 


Lubricant- Composites:  The  lubricant- composites  diameters  were  all  coated 
with  the  dark  shiny  lubricant  film.  An  average  diameter  increase  of  0.0003 
inches  was  measured.  The  ends  in  contact  with  the  outer  race  were  chipped 
around  approximately  15$  of  the  circumference.  One  composite  was  fractured 
across  the  end  to  the  mid-point  of  the  roller.  Another  had  fractured 
approximately  over  25$  of  the  end  surface. 

Radial  Play:  CRie  radial  play  before  test  was  0.0019^  inches.  Ho  radial 
play  existed  after  test  due  to  the  lubricant  build-up.  ■flhe  measurements 
indicated  a  0.0010  inch  internal  interference  after  test. 

Test  13  -  Probable  Failure  Cause:  In  this  test  the  lubricant  build-up  with  the 
subsequent  3.oss  of  internal  clearance  is  considered  to  be  the  primary  cause  of 
failure.  The  scoring  of  the  lubricant-composite's  ends  and  debris  resulting 
from  their  end  chipping  may  also  have  contributed  to  the  hearing  failure. 

After  testing,  each  bearing  component  was  dimensionally  cheeked  and  visually 
examinated  under  20X  and  80X  magnification.  Photographs  of  the  failed  bearings 
are  shown  in  Figures  19,  20  and  21. 

Hone  of  the  hearings  in  tests  No.  8  through  No.  13  exhibited  satisfactory 
performance  under  high  vacuum  conditions. 

None  of  the  lubricant- composites  tested  in  vacuum  provided  lubrication  com¬ 
parable  to  previous  graphite  spacer  roller  tests  in  air. 

Lubricant  build-up  on  the  raceways  and  rollers  was  one  of  the  contributing 
causes  for  excessive  bearing  friction  and  failure. 

Roller  end  and  inner  race  tbrust  face  scoring  were  other  important  causes  for 
excessive  friction  and  failure. 

Roller  end  chipping  may  be  due  to  high  local  stresses  caused  by  lubricant 
build-up  in  the  thrust  shoulder  to  raceway  corners. 

With  the  marginal  lubrication  capability  of  the  composites  tested,  the  reduced 
thrust  shoulder  height,  apparent  on  the  outer  races,  significantly  reduced 
roller  end  scoring. 

BEARING  TESTS  IN  AIR  (TABLE  V) 

The  bearing  tests  conducted  in  air  have  illustrated  sene  of  the  deficiencies 
which  result  from  the  spacer  rolling  element  bearing  design.  Ball  bearing 
tests  1,  2  and  3  resulted  in  excessive  wear  of  the  lubricating  spacer  balls. 
This  wear  was  not  a  uniform  diameter  reduction  but  resulted  in  a  grooved  wear 
zone  around  the  diameter  In  contact  with  the  steel  load  carrying  balls. 

Test  k,  which  had  a  full  complement  of  Teflon  balls,  resulted  in  a  general 
diameter  reduction  rather  than  the  grooved  wear  which  resulted  from  the  pre¬ 
vious  tests.  Bie  high  spacer  ball  wear  in  tests  1  through  3  was  attributed. 


in  part,  to  the  high  stress  associated  vith  point  contact  between  the  spacer 
and  load  carrying  halls.  The  low  strength  of  the  graphite  and  the  Teflon  also 
contributed  to  the  high  wear. 

In  test  5,  the  higher  strength  "Rulon"  (reinforced  Teflon)  was  fabricated  into 
spacer  rollers  which  also  would  provide  the  lower  stress  line  contact  con¬ 
dition.  In  all  runs  in  Test  5,  the  test  was  terminated  due  to  the  significant 
Increase  in  bearing  noise  level.  Examination  of  the  bearing  after  each  run 
indicated  a  Teflon  film  build-up  on  all  surfaces.  Ho  measurable  wear  resulted 
on  either  the  inner  or  outer  raceway  after  completion  of  the  total  4,056,000 
revolutions.  The  average  carbide  roller  wear  after  test  was  0.00015  inches. 

The  Rulon  spacers  average  wear  was  0.009  inches.  All  contact  surfaces  of  the 
hearing  were  highly  polished  coated  with  the  Teflon  film. 

In  tests  6,  7  end  8  two  of  the  lubricant- composites  (Ko's.  203  and  220)  which 
had  been  used  in  the  high  vacuum  bearing  tests  previously  discussed,  were 
evaluated. 

In  Test  6,  the  lubricant- composites  were  used  as  load  carrying  rollers.  After 
the  short  run,  27,000  revolutions,  sufficient  lubricant  build-up  and  debris 
had  occurred  on  the  raceways  to  cause  the  high  noise  level  and  test  termination. 
The  raceways  used  in  Test  6  were  cleaned  and  reinstalled  in  the  test  machine 
with  five  carbide  load  carrying  rollers  and  the  Ho.  203  lubricant -composite  as 
spacer  rollers  for  Test  7. 

Test  7  showed  an  improvement  (162,000  revolutions)  over  Test  6,  but  again  the 
lubricant  build-up  and  debris  formation  resulted  in  a  high  noise  level  with 
test  termination.  The  raceways  were  again  cleaned  and  reinstalled  in  the  test 
machine  for  Test  8. 

In  Test  8,  only  two  Ho.  203  lubricant- composites  were  used  with  eight  load 
carrying  carbide  rollers,  lhe  performance  of  this  bearing  (304,000  revolutions) 
was  significantly  better  than  Tests  6  and  7.  Examination  of  the  bearing  races 
after  test  showed  no  evidence  of  lubricant  build-up.  Light  scoring  was  evident 
on  the  inner  race  thrust  face  and  the  contacting  roller  ends. 

Comments  Applicable  to  Bearing  Tests  in  Air: 

The  tests  in  air  indicate  the  feasibility  of  the  roller  bearing  design  for 
operation  at  temperatures  to  500*?  with  a  Teflon  lubricating  composition. 

None  of  the  lubricant- composites  tested  in  vacuum  provided  lubrication  can- 
parable  to  the  Teflon  spacer  roller  test  in  air. 

The  in-air  tests  with  two  lubricant- composites  provided  superior  performance 
to  the  tests  with  5  spacer  composites . 

The  grooved  wear  zones  which  occurred  on  the  lubricating  spacer  balls  indicate 
limitations  of  the  lubricant- composite  spacer  rolling  element  separator  in  the 
ball  bearing  design. 
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BEARING  TESTS  NO.  14  THROUGH  NO.  18  (TABLE  VI) 

Test  14  -  This  test  was  planned  as  a  load  and  speed  spectrum  evaluation  of  the 
lubricant  composite  separator  design  for  the  roller  bearing.  Testing  was 
initiated  with  a  37-1/2  pound  radial  load,  a  12-1/2  pound  thrust  load,  and 
5000  rpm  at  1500*F  in  a  vacuum  of  5  x  10”&mm  Hg.  The  test  *as  terminated  due 
to  a  high  friction  indication  after  6  minutes  of  operation.  Figure  22  iB  a 
photograph  of  this  bearing  after  test. 

Separator  design  -  As  shown  in  Figure  22  the  configuration  of  the  lubricant 
composite  material  used  in  this  separator  differs  from  the  configuration  shown 
on  Figure  16.  In  this  design  the  lubricant  composite  material  (No.  99  on 
Table  XVI)  was  machined  to  provide  a  conforming  area  contact  with  the  rollers. 
The  flange  thickness  on  the  composite  material  was  0.060  inch.  In  this 
separator  design,  as  well  as  In  all  others  tested,  Inconel  X  cage  rings  with 
connecting  Rene'  41  pins  were  used  as  the  main  supporting  structure  (see 
Figures  No.  16  &  18).  The  pins,  which  were  designed  for  a  rivet  attachment, 
were  electron  beam  welded  to  the  rings  to  facilitate  fabrication. 

Hie  radial  play  before  test  was  0.0015  inch. 

Slight  rotation  of  the  inner  race  on  the  test  shaft  while  under  vacuum  con¬ 
ditions  resulted  in  a  seizure  between  the  shaft  and  hearing  bore.  As  a  result 
the  thrust  face  of  the  inner  race  was  fractured  on  removal  from  the  shaft. 
Examination  of  the  bearing  after  teat  showed  a  lubricant  build-up  on  the  inner 
and  outer  races  and  on  the  rollers.  The  radial  play  had  been  reduced  to  zero. 
The  flanges  of  the  lubricant  composite  materials  had  fractured.  Comers  of  the 
flanges  on  the  other  lubricant  composite  materials  were  chipped.  No  wear  or 
scoring  was  evident  on  the  rollers  or  raceways. 

Test  14  -  Probable  Failure  Cause:  The  high  friction  indication  was  attributed 
to  the  reduction  in  bearing  internal  clearance  due  to  lubricant  build-up  on 
the  raceways  and  rollers. 

Test  15  -  This  roller  bearing  test  was  planned  for  operation  under  test  con¬ 
ditions  identical  to  Test  14.  The  bearing  seized  when  rotation  was  attempted 
at  1500*F.  Upon  lowering  the  temperature  to  1000 "F  rotation  of  the  bearing 
was  possible.  Ten  seconds  after  rotation  was  initiated  at  1000 °F  the  bearing 
seized.  Figure  23  is  a  photograph  of  this  bearing  after  test. 

Separator  Design  -  In  an  attempt  to  reduce  the  amount  of  lubricant  build-up 
obtained  in  Test  14  the  configuration  of  the  lubricant  composite  material  was 
modified.  As  shown  in  Figures  22  &  23  the  area  roller  contact  of  the  Test  14 
separator  was  reduced  to  line  contact  in  the  Test  15  separator.  This  was 
accomplished  by  machining  the  ends  of  the  lubricant  composite  material  to  pro¬ 
vide  a  plane  surface  coincident  with  a  radial  plane  through  the  hearing.  Be¬ 
cause  of  the  brittle  material  characteristics  (No.  425  on  Table  XVI)  the 
flanges  of  the  lubricant  composites  were  broken  during  fabrication. 

The  radial  play  before  test  was  0.0017  inch. 
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TABLE  V; 


Teat  15  -  Probable  Failure  Cause:  Examination  of  the  bearing  after  test  re¬ 
vealed  that  the  lubricant  composite  blocks  had.  pivoted  on  the  separator  pins 
and  jammed  the  adjacent  rollers. 


Test  16  -  This  test  was  planned  as  a  combined  load,  speed  and  temperature 
spectrum  evaluation  of  the  roller  bearing  lubricant  ccngjosite  separator  design. 
Changes  ir  operating  conditions  vere  planned  in  successive  step  increments  of 
30  minutes. 

In  step  one,  testing  was  initiated  with  a  37-1/2  pound  radial  and  a  12-1/2 
pound  thrust  load  at  5 000  rpm.  Die  bearing  temperature  van  increased  to  250*F 
prior  to  initiation  of  rotation.  After  operation  for  30  minutes  under  these 
conditions  the  bearing  temperature  had  increased  to  295*F.  Die  average  running 
friction  during  this  test  was  not  obtained  because  of  a  strain  gage  failure. 

A  vacuum  of  1  x  10“ Vm  Hg  was  attained  during  this  run. 


In  the  second  step  the  speed  was  increased  to  10,000  rpm.  During  the  30  minute 
run  at  bhis  speed  the  temperature  increased  from  295 to  310*F.  A  vacuum 
level  of  5  x  10“6nnn  Hg  was  attained  during  this  period. 

In  the  third  step  the  speed  was  increased  to  15,000  rpm.  After  25  minutes  of 
operation  at  this  soeed  a  high  friction  was  indicated.  During  the  run  the 
temperature  increased  from  310*F  to  31*0*F»  Die  vacuum  attained  during  this 
run  was  1  x  10- Wa  Hg.  A  photograph  of  this  bearing  before  final  assembly  is 
shown  in  Figure  23. 


FIGURE  23  ROLLER  BEARING  NO.  1 6  BEFORE  TEST 


Separator  Design  -  Dae  design  of  the  separator  used  in  this  test  is  shown  on 
Figure  1 6.  Because  of  the  lubricant  composite  flange  failures  obtained  in 
Tost  lh  and  the  apparent  requirement  for  flanges  to  prevent  the  lubricant 
composite  block  from  pivoting  as  indicated  in  Test  15,  the  design  was  modified 
for  this  separator.  The  flange  was  strengthened  by  increasing  the  thickness 
from  0.060  inch  to  0.080  inch.  The  inner  race  contact  distance  was  increased 
over  the  Test  15  separator  to  rovide  greater  resistance  to  lubricant  composite 
block  pivoting.  The  lubricant  ccenposite  material  used  for  this  separator  was 
Ho.  144  on  Table  XVI. 

Examination  of  the  bearing  after  test  showed  the  bearing  to  be  in  excellent 
condition.  A  thin  (less  than  .0001  inch)  film  of  highly  polished  dry  lubricant 
was  evident  on  all  bearing  surfaces.  Ho  measure able  wear  or  change  in  radial 
play  was  evident.  A  flange  on  one  lubricant  composite  separator  block  had 
fractured.  This  block  had  pivoted  and  jammed  against  adjacent  rollers.  Slight 
chipping  of  the  lubricant  composite  blocks  edges  which  were  in  contact  with  the 
inner  race  was  evident. 

Test  16  -  Probable  Failure  Cause;  Fracture  of  the  lubricant  canqoosite  flange 
and  subsequent  pivoting  caused  the  high  friction  indication. 

Test  17  -  In  this  test  a  load,  speed  and  temperature  evaluation  of  the  lubri¬ 
cant  composite  separator  design  for  the  ball  bearing  was  planned.  The  sequence 
of  operation  as  outlined  for  the  roller  bearing  in  Test  16  was  followed.  The 
bearing  radial  play  before  test  was  O.COIO  inch. 

In  step  one  testing  was  initiated  with  a  37-1/ 2  pound  radial  and  a  12-1/2 
pound  thrust  load  at  5000  rpm.  Prior  to  rotation  the  test  temperature  was 
250°F.  After  30  minutes  of  operation  the  bearing  tesqperature  was  300°F.  The 
average  friction  coefficient  and  the  vacuum  attained  during  this  run  were 
0.005  and  1  x  10~4mm  Hg,  respectively. 

In  step  two  the  speed  was  increased  to  10,000  rpm.  During  this  30  minute  run 
the  temperature  increased  from  30°*F  to  400*F.  The  average  running  friction 
was  0.005.  The  vacuum  level  attained  was  1  x  10“ 5mm  Hg. 

In  the  third  step  the  speed  was  increased  to  15,000  rpm.  Average- friction 
during  this  30  minute  run  was  0.013*  The  vacuum  level  attained  was  2  x  10”  Vm 
Hg.  airing  this  period  the  temperature  increased  from  310*F  to  650*F. 

In  step  four  the  load  was  increased  from  37-1/2  pounds  radial  and  12-1/2  pounds 
thrust  to  75  pounds  radial  and  25  pounds  thrust.  The  speed  was  maintained  at 
15,000  rpm.  The  average  friction  coefficient  during  this  30  minute  run  was 
.015.  The  temperature  increased  from  200*F  to  5^0*F. 

In  step  five  the  speed  and  load  were  maintained  at  15,000  rpm  and  at  75  pounds 
radial  and  25  pounds  thrust.  At  the  beginning  of  the  run  the  temperature  was 
560"F.  Full  heater  power  was  applied  to  increase  the  bearing  temperature. 

Only  a  slight  temperature  increase  was  noted.  After  15  minutes  of  operation  in 
this  step  the  erratic  friction  values  were  indicated.  The  test  was  terminated 
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after  20  minutes  of  operation  in  step  5  due  to  an  excessive  friction  indi¬ 
cation.  (Hie  bearing  had  completed  a  total  of  2  hours  and  20  minutes  of  oper¬ 
ation  under  vacuum  conditions. 

Separator  Design  -  The  separator  design  used  for  tbic  hearing  is  shown  on 
Figure  18.  The  lubricant  composite  material  was  Ho.  99  on  Table  XVI. 

The  radial  play  before  test  was  0.0011  inch. 

Examination  of  the  bearing  housing  after  test  revealed  that  the  heater  element 
wire  had  been  in  contact  with  the  test  shaft  ,  lhic  had  resulted  in  the  erratic 
and  high  friction  indication. 

Examination  of  the  bearing  showed  it  to  be  in  excellent  condition.  Balls  and 
races  were  highly  polished  and  appeared  to  be  coated  with  a  thin  film  of  dry 
lubricant.  Ho  measure able  dimensional  change  was  evident  on  either  balls  or 
races.  The  cage  pockets  were  highly  burnished  but  showed  no  appreciable  wear. 
The  corners  on  one  lubricant  composite  separator  flange  were  chipped.  The 
hearing  was  still  in  operable  condition.  The  time  remaining  in  the  program 
did  not  permit  additional  testing  of  this  hearing. 

Test  18  -  This  test  was  planned  to  evaluate  another  ball  bearing  design  with  a 
different  material  in  the  lubricant  composite  separator.  A  test  sequence 
identical  to  that  used  in  Test  17  was  planned.  The  bearing  radial  play  before 
test  was  0.0011  inch. 

In  step  one  operation  was  at  500°  rpn,  with  a  37-1/2  pound  radial  and  a  12-1/2 
pound  thrust  load.  The  temperature  increased  from  70°F  at  the  beginning  of 
test  to  865°F  after  30  minutes.  ‘The  vacuum  level  attained  in  this  period  was 
1  x  10“ 5mm  Hg.  Friction  measurements  could  not  be  obtained  due  to  a  strain 
gage  malfunction. 

In  the  second  step  the  speed  was  increased  to  10,000  rpm  and  the  step  one  load 
was  maintained.  After  5  minutes  of  operation  the  hearing  seized.  The  bearing 
temperature  had  increased  from  865 #F  to  1260-F. 

Examination  of  the  bearing  after  test  showed  that  all  lubricant  composite 
separator  blocks  had  fractured  through  their  center  section.  All  void  areas 
within  the  bearing  were  filled  with  pulverized  lubricant  composite  material. 

Test  18  -  Probable  Failure  Cause:  The  disintegration  of  the  lubricant  com¬ 
posite  material  was  the  cause  of  bearing  seizure.  The  reason  for  the  lubricant 
composite  material  disintegration  was  not.  determined. 


D.  RADIATION  TESTING 


The  following  contractual  requirement  was  originally  specified  for  the 
Phase  II  program: 

"Ten  hearings  shall  be  subjected  to  an  integrated  nuclear  flux  of  10"7  fast 
neutrons.  —  While  being  subjected  to  irradiation,  the  bearings  will  be  at 
1500*F  temperature.  After  subjecting  the  bearings  to  radiation,  the  bearings 
shall  be  dynamically  tested — 

In  order  to  fulfill  the  above  requirement  a  subcontract  was  let  for  use  of  the 
nuclear  reactor  facility  at  Washington  State  University. 

An  irradiation  container  was  fabricated  to  contain  and  heat  the  test  bearings 
during  exposure  to  nuclear  radiation.  Figure  2k  shows  the  internal  construct¬ 
ion  and  materials  used  for  the  container.  The  container  components  and  the 
assembly  are  shown  in  Figure  25.  The  materials  used  for  the  container  were 
selected  on  the  bases  of  chemical  compatibility,  thermal  stability,  minimum 
thermal  neutron  cross-section,  availability,  and  minimum  cost. 

A  simulated  environment  test  was  conducted  to  check  out  the  radiation  contain¬ 
er.  A  test  bearing  instrumented  with  thermocouples  was  placed  inside  the 
chamber  and  the  container  lid  and  heater  were  installed.  The  entire  assembly 
was  then  submerged  under  four  feet  of  water  to  simulate  conditions  in  the 
reactor.  The  test  bearing  was  heated  to  1500°F  for  ten  hours.  IXiring  this 
time,  the  bearing's  inner  race  temperature  stabilized  at  1550°F  and  the  outer 
race  at  lk50"F.  Throughout  the  test,  air  was  circulated  through  the  container 
at  approximately  100  cu.  ft/hr.  Immediately  after  testing,  the  exterior 
temperature  of  the  container  was  less  than  150#F.  Inspection  of  the  disassem¬ 
bled  container  showed  no  defects.  Upon  completion  of  the  simulated  test  the 
radiation  container  was  considered  to  he  satisfactory  for  use  in  the  nuclear- 
reactor  test. 

Included  in  the  redirected  contract  effort  was  the  cancellation  of  the  nuclear 
radiation  exposure .  As  a  result  no  bearing  testing  after  exposure  to  radi¬ 
ation  was  possible. 
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E.  PHASE  II  CONCLUSIONS 

1.  'Ihe  Phase  I  hearing  designs  which  demonstrated  feasibility  of  operation  in 
900*P  air  were  unsatisfactory  when  operated  in  the  vacuum  environment. 

2.  The  lubricant  composite  materials  did  not  perform  satisfactorily  when  used 
as  spacer  rollers  under  vacuum  conditions. 

3.  A  new  and  unique  bearing  design  concept  which  utilized  a  lubricant  com¬ 
posite  material  as  the  cage  resulted  in  successful  vacuum  operation  for 
both  ball  and  roller  bearings. 

The  feasibility  of  the  lubricant  composite  cage  design  for  high  speed 
operation  with  dry  lubricant  films  in  the  vacuum  range  of  10“5mm  Hg  to 
10- 6mm  Hg  was  demonstrated  in  Phase  II  roller  bearing  teBt  16  and  ball 
bearing  test  17.  No  wear,  scoring  or  pitting  was  evident  in  either  the 
roller  or  ball  bearing  after  test. 

5.  Hie  best  vacuum  performance,  2  hours  and  20  minutes  of  operation  at  speeds 
of  5000,  10,000  and  15,000  rpm,  was  obtained  in  the  ball  bearing  separator 
design  using  the  dry  lubricant  composite  material  No.  99  which  was  90$  by 
weight  molybdenum  disulfide,  8$  iron  and  2$  platinum. 

6.  The  configuration  of  the  lubricant  composite  material  in  the  separator  was 
the  most  critical  factor  insofar  as  success  or  failure  of  the  roller  bear¬ 
ing  design  was  concerned. 

7.  Substantial  improvements  in  bearing  vacuum  performance  were  obtained  by 
refinements  in  cage  design  and  by  changes  in  the  lubricant  composite 
compositions. 
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MATERIALS  SECTIOU 


TABLE  LXXV 

PHASE  I  LUBRICANT  DEVELOPMENT 

Air  Force  Contract  AF  33(6l6)-7395 

"DEVELOPMENT  OF  DESIGN  CRITERIA  FOR  A  DRY  FUM 
LUBRICATED  BEARING  SYST^I" 


In  accordance  with  the  requirements  of  Exhibit  B,  Appendix  1  of  the  contract 
cited  above,  the  following  material  development  section  is  included  in  this  report. 


1.  INTRODUCTION 

The  objective  of  the  lubricant  development  effort  was  to  obtain  a  dry 
film  system  capable  of  lubricating  bearing  surfaces  at  900*F  and.  150O*F. 
Six  proprietary  high  temperature  lubricants  were  suggested  by  ASD  for 
evaluation  in  the  program.  Several  additional  dry  film  systems,  which 
have  demonstrated  high  temperature  potential,  have  been  evaluated.  Lub¬ 
ricant  development  and  evaluation  were  conducted  under  two  development 
programs  for  the  conditions  of  load,  speed,  radiation  and  temperature 
specified  by  the  original  contract.  One  program,  investigation  of  inor¬ 
ganic  dry  film  and  hinder  materials  was  conducted  in  the  Boeing  labora¬ 
tories.  A  supplementary  dry  film  development  program  wad  conducted  by 
Washington  State  University. 


2.  LUBRICANT  DEVELOPMENT 
The  Boeing  Company 
a.  Lubricant  Coatings 

Work  accomplished  on  Phene  I  of  this  contract  includes  the  following 
coating  formulation: 

(1)  NAMC  -  AML  -  23A  (Graphite,  MoS2  and  Na2Si03  Binder) 

(2)  BAC  7  glass  finder  +  FbS 

(3)  PbS  +  B203 

(4)  PbS,  MqS2,  l2°3  Coating 
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(5)  bag  8,  Bi.302  +  A 6 

(6)  C&Fg  +  Bureau  of  Standards  A-4l8  Ceramic  Adhesive 

(7)  PbO  +  Bureau  of  Standards  A-4l8  Ceramic  Adhesive 

(8)  CaF2  +  Ag  +  Bureau  of  Standards  A-4l8  Ceramic  Adhesive 

(9)  Ag-PbO  Flame  Sprayed 

Formulas  and  complete  preparations  are  outlined  in  Table  X. 

In  addition  the  following  commercial  compounds  were  also  evaluated : 

(10)  Dry  Film  Coating  No.  1000 

(21)  Dry  Film  Coating  No.  8ll 

(12)  Dry  Film  Coating  No.  M-1284 

(13)  Dry  Film  Coating  No.  4396 

b.  Cry  Film  Lubricant  Screening  Test  Equipment 

(1)  Falex  Test 

Initial,  test  vork  on  Phase  I  of  this  contract  vas  done  on  the 
Falex  Tester  to  select  a  suitable  binder  material.  Three  com¬ 
positions  lining  BAG- 7  binder  were  selected  on  the  basis  of  l£ 

Falex  tests.  Falex  test  results  are  summarized  in  Table  VII. 

(2)  Boeing  Calling  Machine 

Prior  to  obtaining  the  high  speed  bearing  equipment  necessary 
for  this  contract  seme  teste,  were  conducted  on  The  Boeing  Company 
Calling  Machine.  These  tests  were  conducted  at  3.5  feet  per 
minute.  Results  are  shown  In  Figure  26  and  27.  An  attempt  was 
made  to  approach  conditions  found  in  high  speed  bearings  by 
running  the  Calling  Machine  at  300  feet  per  minutes,  with  a  50  pci 
load.  Results  of  these  tests  are  Included  in  Figure  2?.  Od  the 
basis  of  data  obtained  in  this  manner  the  PbS,  Graphite,  BAC-7 
glass  coating  was  selected  as  the  best  Boeing  formulation  for  use 
at  900*F. 

(3)  High  Speed  Spindle 

This  equipment  is  a  modified  high  speed  spindle  driven  by  a  five 
horsepower  3600  ipm  electric  motor.  The  test  spindle  speed  of 
15,000  rpm  is  obtained  in  a  single  step  up  pulley  with  a  nylon 
flat  belt.  The  various  components  of  the  test  set-up  are  shown 
in  Figure  28. 
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3EARUG  UPS  -  LIKEAL  PERT 


FIGURE  27 


BOEIrfG  GALLIBG  TESTS,  FRICTIOK  VS.  LIFE  CURVES,  HIGH  SFEED 


FIGURE  2  8  DRY  FILM  SCREENING  TEST  APPARATUS 


Load,  was  applied  by  applying  5  and  10  pound  J.ead  weights  to 
the  load  arm  to  obtain  various  load  requirements.  The  load  was 
applied  to  the  bearing  housing  through  a  yoke  hinged  at  the  shaft 
centerline.  This  method  provided  self- alignment  for  the  straight 
bore  plain  bearings. 

Coatings  1  through  5  and  9  through  12,  previously  listed,  were 
evaluated  on  titanium  carbide  plain  bushings  and  shafts  at 
3100  feet/min.  in  increasing  load  type  screening  tests  on  the 
high  speed  spindle.  See  Table  VIII  for  results  of  these  screening 
tests.  Photographs  of  shafts  and  hearings  after  test  are  shown 
in  Figures  29  and  30.  The  use  of  this  screening  test  was  dis¬ 
continued  because  of  the  high  cost  of  machining  carbide  shafts 
and  bushings. 

(4)  15,000  ipm  900 *F  Ball  and  Roller  Bearing  Tests 

Lubricant  coatings  4,  6,  7,  10  and  11  were  applied  to  bail  and 
roller  bearings  and  evaluated  on  the  15,000  rpta,  900*F  bearing 
test  machine.  Test  results  axe  listed  in  Tables  II  and  XU 

c.  Methods  of  Lubricant  Application 

Various  methods  of  lubricant  applications  were  investigated  and 
included  the  following: 

(1)  Spraying  -  Commercial  solid  lubricants  and  Boeing  compounded 
ceramic  type  lubricants  were  applied  in  this  manner. 

(2)  Flame  Spraying  -  An  attempt  to  apply  lubricant  coating  Bo.  9 
to  titanium  carbide  cermet  shafts  and  bushings  did  not  prove 
feasible. 

(3)  Electrophoretic  Deposition  -  This  method  involves  the  application 
of  a  lubricative  material  and  binder  out  of  a  colloidal  suspen¬ 
sion  by  the  use  of  an  electrical  current  of  very  small  amperage 
and  relatively  high  voltages.  Coatings  6,  7  and  8  were  applied 
in  this  manner. 

When  all  of  the  lubricant  tests  were  analyzed  and  specimens  examined 
it  was  found  that  none  of  the  dry  films  tested  had  sufficient  wear 
life. 

Accordingly  a  new  approach  to  extend  lubricant  life  was  initiated. 

This  approach  uses  a  full  complement  bearing  with  rolling  element 
spacers  made  from  a  lubricant  composite  material.  Balls  and  rollers 
made  from  graphite  and.  combinations  of  M0S2  and  Ni,  50$"* 50$,  70$-30$, 
80$-20$  and  90$-10$,  have  been  fabricated.  Data  covering  tests  on 
graphite  and  on  MoSjrNi.  50$- 50$  are  included  in  Table  III  of  this 
report. 
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BAC-7  BINDER  LEAD  SULPHIDE 
TEST  #6 


N.A.M.C,-23A  DRY  FILM 
TEST  ¥7 


FIGURE  2  9  -  SHAFTS  AND  BEARINGS  AFTER  TEST 
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COATING  M-1284 
TEST  #10 


COATING  4S96 
TEST  #11 


FIGURE  3  0  -  SHAFTS  AND  BEARINGS  AFTER  TEST 


In  order  to  determine  the  decomposition  of  titanium  carbide  K162B 
the  powdered  material  was  subjected  to  thermal  gravimetric  analysis 
and  differential  thermal  analysis .  Hie  results  of  these  analyses  are 
shown  on  Figure  31  • 


Washington  State  University 

During  Phase  I  of  this  contract  Washington  State  University  obtained  a 
15,000  rpm  3100  feet/minute  sliding  friction  machine  for  conducting 
screening  tests.  See  Figure  32.  Hits  tester  employs  a  simple  reusable 
carbide  stationary  block  which  is  pressed  against  a  ring  rotating  at 
3100  feet/minute.  The  rings  are  easily  made  from  pressed  rings  of  K162B 
and  can  also  be  remachined.  Hie  pressure  between  the  block  and  the  ring 
can  be  varied.  Friction  coefficient  and  temperature  of  the  block  are 
measured  during  the  run. 

Hie  initial  twelve  runs  made  on  the  above  machine  used  an  increasing  load- 
procedure  with  inspection  of  the  test  block  at  10  minute  intervals.  Hiis 
procedure  is  outlined  in  Table  XI.  It  was  then  decided  that  this  pro¬ 
cedure  was  too  complex  and  time  consuming.  A  simplified  procedure  was 
initiated  in  which  a  ten  minute  break;- in  period  at  a  4-pound  load  was 
followed  by  a  50  minute  run  at  20  pound  load.  Ho  inspection  of  the  test 
block  was  made  until  completion  of  the  test.  A  detailed  description  of 
this  procedure  is  shown  in  Table  XII. 

Coatings  developed  by  Washington  State  University  and  The  Boeing  Company, 
as  well  as  ccomercial  lubricants,  were  subjected  to  screening  tests  on  the 
equipment  cited  above. 

A  total  of  forty-eight  screening  tests  were  conducted.  Hie  values  of 
friction  coefficient,  wear  and  temperature  cotained  in  these  tests  are 
suamarized.  in  Tables  XIII  and  XIV.  Typical  friction  curves  are  snown  in 
Figures  33  and  34.  A  photograph  (Figure  35)  lllustrat'"'!  wear  scars  on 
the  test  blocks. 

In  addition  to  the  above  tests,  high  speed  ball  bearing  tests  using  52100 
steel  bearings  were  conducted.  Hie  particular  bearings  used  for  these 
tests  were  204K-01  bearings  lubricated  with  phthalocyanine  lubricant. 

It  will  be  noted  that  the  52100  bearings  were  exposed  to  temperatures  of 
590*F  for  four  hours  in  the  phthalonitrile  bath.  This  exposure  would 
reduce  the  hardness  of  the  bearing  elements  considerably.  Test  results 
are  included  in  Table  IX. 

Development  work  was  initiated  on  the  phthalocyanine  coatings  and  the 
phoephonitriU ic  chloride  polymers. 
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FIGURE  3  2  WASHINGTON  STATE  UNIVERSITY  TESTER 
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FIGURE  3^  SCREENING  TEST  LUBRICANT  COMPARISON 
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FIGURE  3  5  WEAR  OF  CARBIDE  TEST  BLOCKS 
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An  orthophthalcnitrile  "bath  was  set  up  to  coat  titanium  carbide  specimens. 
Parts  were  immersed  in  this  bath  for  several  hours  at  590*F  to  produce  a 
chelated  phthalocyanine  coating. 

In  an  effort  to  produce  heavier  more  wear  resistant  phthalocyanine  lubri¬ 
cant  coatings  a  program  of  oxidation  pretreatments  for  titanium  carbide 
was  initiated. 

Oxidatxon  pretreatments  for  titanium  carbide  included  the  following: 

(a)  Exposure  for  periods  of  up  to  24  hours  at  1000°?'  in  air. 

(b)  Immersion  in  concentrated  HNO^  room  temperature. 

(c)  Immersion  in  boiling  NaOH  20$. 

(d)  Immersion  in  concentrated  GrO^  for  24  hoars  at  room  temperature. 

(e)  Immersion  in  concentrated  Cr03  for  64  hours  at  room  temperature. 

(f)  Immersion  in  concentrated  KMnO^  for  64  hours  at  room  temperature. 

(g)  Immersion  in  concentrated  (NHj^CgO^  *  HgO  for  17  hours,  boiled 
for  four  hours, 

(h)  Exposure  to  temperatures  up  to  2200*F  for  four  hours  max. 

3.  DISCUSSION  OF  RESULTS 

Hi.  Boeing  Company 

a.  Dry  film  screening  tests  using  titanium  carbide  shafts  and  bushings 
demonstrated  that  M-1284  (see  Table  VIII)  was  the  best  dry  film 
tested.  However,  it  is  not  felt  that  the  results  from  this  test  were 
conclusive  due  to  (l)  the  dependence  of  the  results  of  mechanical 
factors  such  as  the  bushing  shaft  clearance  and  (2)  cracking  of  the 
bushings  which  terminated  same  of  the  test  runs  prematurely. 

b.  A  plain  bearing  was  run  in  the  bearing  test  machine  for  17  hours  in 
air  at  900 *F  using  a  phthalocyanine  lubricant  coating.  Hie  change  in 
dimension  of  the  thrust  face  of  the  bearing  (0.014  inch)  indicated 
that  the  coating  had  completely  worn  off.  Hie  continuing  low  friction 
level  would  indicate  that  the  carbide  surface  was  to  seme  degree  self 
lubricating.  Hie  friction  coefficient  during  the  run  decreased  from 
an  initial  value  of  .30  to  .25  at  17  hours.  After  the  run,  a  yellow 
powder  type  substance  covered  the  bearing  housing  and  bearing.  X-ray 
diffraction  and  spectrographic  analysis  established  that  this  material 
was  mainly  a  combination  of  rutile  (TiCb>)  and  nickel  oxide  (NiO)  in  the 
ratio  of  2  to  1.  This  material  was  evidently  formed  by  the  oxidation 

c.f  the  carbide  and  acted  as  a  lubricant. 
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c.  The  results  of  one  test  in  vacuum  at  lCT^nm  Hg,  Table  I,  indicate 
that  phthalocyanine  is  not  a  good  lubricant  for  a  vacuum  system. 
Therefore  it  was  not  considered  *or  future  tests. 

d.  Results  of  tests  using  lubricant  composite  spacer  rollers.  Table  III, 
appear  premising.  This  approach  was  investigated  at  greater  length 
during  Hiase  II  at  1500*F. 


Washington  State  University 

Test  results  of  all  screening  tests  are  included  as  Tables  XIII  end  XIV. 
All  lubricants  tested  on  the  Washington  State  University  screening  tests 
appeared  to  be  inferior  to  the  phthalocyanine  lubricant  except  "Pg". 

(See  Figures  33  and  3^)« 

Of  the  oxidation  pretreatments  investigated  at  Washington  State  University, 
the  4  hours  at  1000#F  in  air  and  those  in  C1O3  appeared  to  be  the  most 
promising. 

Hie. method  of  applying  phthalocyanine  lubricant  coating  at  Washington 
State  University  was  satisfactory.  However,  this  material  is  very  limited 
relative  to  heat  resistance  and  therefore  was  not  used  in  further  tests 
over  900*F. 

The  lubricant  film  screening  test  machine  constructed  by  Washington  State 
University  showed  a  high  degree  of  correlation  with  the  Boeing  bearing 
test  machine. 
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1 4  ceramic  adhesive*  isopropnalo  applied  1850°F 

NBS  Frit  r.o.  332  25%  by  Electrophoretic 


FORMULATION  OF  DRY  FILM  LUBRICANTS 
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TABLE  XI 


TEST  PROCEDURE  WASHINGTON  STATE  UNIVERSITY  LOAD  SPECTRUM  TEST 

A.  Temperature  -  Induced  by  Friction 

B.  Load 

1 .  1  pound  for  10  minutes 

2.  4  pounds  for  10  minutes 

3.  8  pounds  for  10  minutes 

4.  16  pounds  for  10  minutes 

5.  20  pounds  for  20  minutes 

C.  Test  to  be  stopped  at  each  10  minute  interval,  wear  scar  area  of  block  measured  and 
parts  inspected.  The  exception  here  is  the  20  minute  interval  without  stopping  at  the 
20  pound  ioad. 

D.  The  following  data  is  taken  during  the  test: 

1 .  Friction  coefficient  (by  use  of  a  strain  gauge  and  recorded  by  a  Brush  analyzer). 

2.  Bearing  temperature,  ®F. 

3.  Speed,  feet/minute  (not  recorded  but  kept  constant). 

4.  Load,  lbs. 

5.  Wear  scar  area,  in.^  at  each  ten  minute  interval. 

6.  Time,  minutes. 


91 


TABLE  XII 


c 


TEST  PROCEDURE  WASHINGTON  STATE  UNIVERSITY  20  POUND  LIFE  TEST 


I 


a 

I 


A.  Temperature  -  Induced  by  Friction 

B .  Load 

1  .  Break  in  period  at  4  pound  load  for  10  minutes. 

2.  Load  increased  from  4  pound  to  20  pound  over  a  time  interval  of  1  minute. 

3.  Test  continued  at  the  20  pound  load  for  49  minutes,  making  the  total  run  time 
60  minutes. 

C.  Duration  -  Test  run  continuously  over  the  60  minute  period  with  the  speed  maintained 
at  3,100  feet/minute. 

D.  Data  Taken  During  Test 

1  .  Friction  coefficient  (by  use  of  a  strain  gauge  and  recorded  by  a  Brush  analyzer). 

2.  Bearing  temperature,  °F. 

3.  Speed,  feet/minute  (not  recorded  but  kept  constant). 

4.  Load,  lbs. 

5.  Time,  minutes. 

E.  Data  Taken  After  Completion  of  Test  -  Wear  scar  area  in  square  inches. 
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GA.XIMJG  FINAL  SCaP  CCE'flClFNT  or  FRiC'iOn 

:tWP.  *f  Alfi,  •  N  •’  VN.  A/ AX  »(V4»KS  TIME  COEFFICIENT 

or  FRICTION  RE¬ 
GAINED  8Ei.Ow  0.2 


artfcopStf'aloivf/'l*  at  590*F  (o t  4  ho» 


PHASE  II  LUBRICANT  DEVELOPMENT 


1.  INTRODUCTION 

The  thin  films  of  solid  lubricants  tested  during  fhase  I  were  not  satis¬ 
factory  for  operation  under  the  conditions  required  for  bearing  performance 
in  Ihase  II  of  this  contract.  'Therefore,  lubricant" development  work  for 
Phase  II  was  directed  toward  the  use  of  lubricant  composite  materials 
described  in  the  Phase  I  Materials  Section,  Lubricant  Development  on 
pages  77  &  86  of  this  report.  Various  changes  and  redirections  of  the 
Phase  II  portion  of  the  contract  are  described  on  pages  39  sad  ^0 
of  this  report.  During  Phase  II  all  of  the  lubricant  development  was  done 
in  the  Boeing  laboratories.  A  supplementary  testing  program  was  conducted 
at  Washington  State  University. 

2.  LUBRICANT  DWELOFME3ST 
a.  The  Boeing  Company 

Dry-Pressing 

The  initial  investigation  into  the  development  and.  fabrication  of 
lubricant  composite  materials  consisted  of  a  series  of  dry  pressing 
tests  at  roam  temperature .  These  tests  were  accomplished  by  compacting 
molybdenum  disulfide  powder  under  various  loads  from  3080  psi  to 
185,000  psi.  Neither  M0S2,  nor  mixtures  of  M0S2  and  binders,  nor  the 
substitution  of  other  materials  for  MoS^  produced  lubricant  composites 
with  fracture  strengths  equal  to  or  exceeding  the  h60-pound  fracture 
strength  of  the  base  line  material,  AT3J  graphite  (see  below).  Data 
covering  forty- one  dry-pressing  tests  are  included  as  Tables  XV  and 
XVII. 

Fracture  Tests 

TVs  provide  some  rapid  preliminary  method  of  screening  the  lubricant 
composite  materials,  a  procedure  was  established  for  determining  their 
fracture  strength.  This  was  accomplished  by  placing  a  short  piece  of 
the  compos ite  in  the  "V"  of  a  standard  Falex  ,TV"  block  and  applying  a 
compression  load  with  a  j  tnius-Olsen  Tensile  Machine.  This  procedure 
was  later  revised  and  a  Brown  and  Sharpe  "V"’  block  No.  750A  was  sub¬ 
stituted  for  the  Falex  "V"  block.  Fracture  tests  were  conducted  on 
all  fabricated  specimens.  Data  covering  fracture  tests  are  included 
in  Tables  XV,  XVI  and  XVII.  Phase  I  bearing  tests  showed  that  ATJ 
graphite  had  sufficient  strength  to  be  used  for  spacer- rolling  elements. 
Therefore,  ATJ  graphite  was  considered  as  the  base  line  material.  The 
fracture  strength  of  ATJ  graphite  was  found  to  be  460  pounds  when 
tested  as  described  above.  In  »»l  1  following  work,  attempts  were  made 
to  produce  lubricant  composites  equal  to  or  better  than  ATI  graphite  in 
fracture  strength. 
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Exposure  Tests 

A  minor  screening  test  employed  during  part  of  the  Phase  II  program 
involved  subjecting  the  finished  lubricant  composites  to  exposure  In 
a  vacuum  at  1500°F.  The  vacuum  system  iised  produced  a  vacuum  of  only 
25  microns;  consequently ,  some  of  the  composites  suffered  from  slight 
oxidation. 

Friction  and  Wear  Tests 

A  supplemental  screening  test  for  the  determination  of  friction  and 
wear  characteristics  of  the  lubricant  composites  was  conducted  on  a 
complementary  Boeing  sponsored  effort.  In  this  test,  lubricant  com¬ 
posite  specimens  were  loaded  against  a  rotating  K162B  titanium  carbide 
ring  at  a  surface  speed  of  7000  ft/min.  Tests  were  run  for  a  period 
of  ten  minutes  under  light  load  (5  lbs.)  at  room  temperature.  Data 
covering  results  of  the  66  tests  conducted  are  included  as  Table  XX. 

Hot  Pressing 

Since  dry-pressing  did  not  produce  the  required  460-pound  .fracture 
strength  desired,  efforts  were  directed  toward  hot-pressing.  Dies 
3- 1/2  inches  square  and  five  inches  long  were  made  of  ATJ  graphite. 

(See  Figure  36).  A  hole  was  drilled  the  length  of  each  die  to  provide 
a  die  cavity.  Considerable  difficulty  was  encountered  with  the  orig¬ 
inal  set  of  dies.  This  was  overcome  by  careful  reaming  of  the  die 
cavity.  Final  sizing  of  the  pressed  blanks  was  accomplished  by 
grinding. 

Lubricant  composites  were  fabiicated  by:  (l)  heating  mixtures  of 
lubricants  and  metallic  or  inorganic  binders  In  a  vacuum  furnace  to 
350°F  to  drive  off  water  vapor,  (2)  mixing  thoroughly,  (3)  pressing 
the  lubricant  materials  at  room  temperature  in  the  graphite  dies  to 
insure  sufficient  material  to  xabricate  the  necessary  numbers  of 
rollers,  (4)  preheating  the  dies  to  1200°F,  (5)  hot-pressing  at 
temperatures  of  from  1600  to  2500°F,  (6)  cooling  under  load  to  1400°F, 
(7)  cooling  without  load  from  l400°F  to  500°F  and  (8)  pressing  the 
lubricant  composite  from  the  die.  Some  variations  to  the  above  process 
have  been  used  and  are  noted  in  Table  XVI.  Table  XVI  lists  all  of  the 
lubricant  composite  specimens  as  well  as  duplicate  and  formulated  but 
not  fabricated  specimens. 

Thermal  Expansion  Measurements 

Bearing  test  failures  cited  in  Table  IV  were  attributed  to  the  dimen¬ 
sional  instability  of  the  lubricant  composite  spacer  rolling  elements. 
Therefore,  a  series  of  linear  thermal  expansion  measurements  were  con¬ 
ducted  to  determine  the  amount  of  dimensional  change. 
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Measurements  were  made  on  the  titanium  carbide  KL62B  bearing  material, 
and  on  hot-pressed  compacts  of  MoSg  with  0,  10  and  15$  nickel  binders. 
The  specimens  used  were  0.k20-  to  0.500-inch  diameter  cylinders  1  to 
2  inches  in  length.  They  were  heated  in  a  quartz  dilatometer  to 
850°C  (1562*F)  in  a  99 *99^$  pure  argon  atmosphere.  Measurements  were 
obtained  at  100*C  increments  during  the  heating  and  cooling  cycle'- . 

Hie  heating  and  cooling  rates  were  maintained  between  2  and  3*C  pe- 
minute.  Below  300*0  the  rate  of  cooling  decreased  because  of  the  low 
heat  loss  of  the  furnace. 

Initial  measurements  made  on  the  KZLS2B  carbide  material  (Figure  37) 
correlate  within  1$  to  the  thermal  expansion  measurements  made  by  the 
National  Bureau  of  Standards  Report  No.  1503* 

TSie  hot-pressed  M0S2  compact  No.  212  (Figure  38)  exhibited  a  signifi¬ 
cant  dimensional  instability  above  600#C  in  the  initial  measurement. 
The  specimen  was  maintained  at  850* C  for  20  hours  before  stability  was 
noted.  An  increase  in  specimen  length  of  0.020- inch  was  measured 
after  test.  It  was  considered  that  the  20-hour  soak  at  850°C  should 
have  significantly  eliminated  the  dimensional  instability  of  the 
material.  A  second  thermal  expansion  measurement  showed  slight  in¬ 
stability  (0. 001-inch  specimen  growth)  between  J009  and  800*C. 

The  thermal,  expansion  of  lubricant  compact  No's.  35  ana  lk9  which  had 
10  and  15$  nickel  binders  respectively  are  shown  in  Figure  39*  The 
10$  binder  compact  material  exhibited  dimensional  instability  similar 
to,  but  less  than,  the  MoS2  without  binder.  A  very  slight  dimensional 
instability  was  noted  with  the  15$  binder  material  at  temperatures  to 
700 °C.  The  expansion  of  this  compact  is  within  0.002  inches  per  inch 
of  the  titanium  carbide  K162B  material  at  700*C. 

In  order  to  overcome  the  dimensional  instability  observed  in  the  com¬ 
posites  they  were  heat-treated  at  l800°F  in  an  argon  atmosphere  for 
four  hours. 

The  linear  thermal  expansion  for  ten  compositions  after  stabilization 
and  for  the  titanium  carbide  ceimet  K162B  bearing  material  are  plotted 
in  Figure  ko.  The  thermal  expansion  of  compositions  lkk,  20k  and  21k 
were  measured  at  200°C,  k00*C,  600®C  and  800®C.  No  dimensional  in¬ 
stability  of  these  materials  was  evident.  In  order  to  expedite  the 
thermal  expansion  measurements  on  the  remaining  compositions,  measure¬ 
ments  were  obtained  only  at  temperatures  of  200*C,  k00*C  and  600“C. 
This  data  was  then  extrapolated  to  800°C. 

Selection  of  Composite  Materials  for  Bearing  Tests 

For  the  initial  Phase  II  bearing  tests  the  lubricant  composite 
materials  were  selected  on  the  basis  of  their  fracture  strength.  Com¬ 
positions  which  exhibited  fracture  strengths  in  excess  of  ATJ  graphite 
were  selected  for  Phase  II  bearing  tests  1  through  J. 


Expansion  Inches  Per  Inch 


101 


FEHJFE  39 


L  BXPAVBIQI  OF  HoS.  +  Vi  COMPACTS 


HIT. 


For  fhase  II  tests  8  through  13  the  selection  of  compositions  vas 
hased  upon  the  friction  and  wear  tests  conducted  at  Washington  State 
University,  as  well  as,  fracture  strength  data.  Friction  and  wear 
properties  were  considered  to  be  the  best  criteria  for  the  selection 
of  lubricant  composites.  Because  of  time  required  in  obtaining  this 
data,  an  alternate  criteria  for  the  selection  of  lubricant  composites 
was  investigated.  It  appeared  reasonable  to  assume  that  the  perform¬ 
ance  of  a  lubricant  composite  would  be  related  to  the  percentage  of 
lubricant  in  the  composite  and  its  fracture  load.  An  emperlcal 
equation  was  written  to  represent  the  performance  rating  (PR)  .. ,  a 
lubricant  composite: 

PR  =  (percent  lubricant)  x  (fracture  load) 

This  equation  was  used  to  compare  composites  with  equal  fracture  loads. 
Using  this  equation  the  composite  material  with  the  highest  percentage 
of  lubricant  would  receive  the  highest  performance  rating.  Approx¬ 
imately  100  composite  materials  were  rated  using  the  above  equation. 
Only  limited  correlation  was  established  between  the  performance  rating 
obtained  by  the  equation  and  the  actual  friction  and  wear  measurements 
made  on  the  material.  Redirection  of  the  contract  prohibited  a  com¬ 
plete  analysis  of  this  rating  technique. 

For  the  Phase  II  redirected  program  the  lubricant-compact  materials 
were  selected  on  the  basis  of  minimum  wear  and  friction  characteristics 
obtained  in  previous  screening  tests  conducted  at  Washington  State 
University  at  1500#F  and  in  The  Boeing  Company  laboratories  at  room 
temperature. 

Separator  Material  Fabrication 

Final  hot  pressing  work  on  the  contract  involved  the  fabrication  of 
lubricant  composite  specimens  1.75"  in  diameter  by  5/8"  thick  to  be 
used  as  the  lubricant  separators  for  full  scale  bearing  tests  under 
the  redirected  program.  Bie  following  lubricant  composites  were 
selected  for  this  portion  of  the  program:  Bo's.  99,  144,  169,  417, 

421,  425  and  513*  Of  these,  only  specimen  Bo's.  99 >  144  and  425  were 
successfully  incorporated  and  tested  in  the  full  scale  bearing  tests. 
The  remaining  composites  No's.  169,  417,  421  and  513  all  contained 
numerous  cracks  when  hot-pressed  into  the  larger  specimens  described, 
above.  Insufficient  time  prohibited  further  investigation  of  this 
problem. 

Washington  State  University 

Washington  State  University  completely  redesigned  their  high-speed 
sliding  friction  machine  for  operation  to  1500*F.  This  machine  used 
cylindrical  test  specimens  fabricated  at  Boeing  frcsn  lubricant  com¬ 
posite  materials.  The  composite  was  held  stationary  and  was  loaded 
against  a  titanium  carbide  KL62B  ring  rotating  at  a  surface  speed  of 


7200  feet  per  minute.  With  this  modification,  the  sliding  friction 
machine  was  used  to  determine  the  coefficient  of  friction  and  wear 
rates  of  lubricant  composite  materials.  Bie  extremely  small  frictional 
force  expected  when  the  lubricant  composites  were  subjected  to  loads  of 
one  pound  or  less  necessitated  a  precise  measurement  of  minute  friction 
forces,  therefore,  in  the  redesign  of  the  sliding  friction  machine, 
considerable  attention  was  given  to  the  friction  measuring  system.  The 
grinder  shown  in  Figure  hi  was  added  to  the  machine  to  facilitate  re- 
finishing  the  EL62B  rings  without  their  being  removed,  from  the  test 
machine.  This  established  better  control  of  test- ring  concentricity. 
Details  of  the  W.S.U.  test  machine  are  shown  in  Figures  42,  43  &  44. 
Taese  figures  show  the  arrangement  of  torque  bar,  motor,  drive  system, 
furnace,  test  specimens,  oil  lubricator  and  tool  post  grinder. 

The  carbide  test  ring  was  mounted  on  a  stainless  steel  shaft.  The 
mounting  method  used  is  the  tapered  mount  described  In  ASD  TR  61-153 ♦ 
This  method  permitted  mounting  of  rings  or  bearings  on  shafts  which 
have  different  thermal  expansion  coefficients.  The  mounting  method 
performed  satisfactorily  in  all  of  the  tests  conducted  at  W.S.U. 

Initial  runs  on  the  W.S.U,  machine  were  conducted  to  determine  the 
optimum  load  necessary  to  produce  .003  inches  of  wear  on  ABJ  graphite 
during  a  forty-minute  run.  With  a  load  of  one  pound  the  wear  was 
found  to  be  0.094  Inches  at  the  end  of  forty  minutes.  Table  XXX  and 
Figure  45  contain  information  on  run  time  vs.  wear  scar  width  at  a 
one-pound  load.  Excessive  vibration  made  it  impossible  to  conduct 
tests  at  lower  loads. 

A  test  firing  of  the  furnace  shown  in  Figure  43  was  conducted  to 
determine  the  time  necessary  to  heat  the  complete  unit  Including  test 
ring  and  lubricant  composite  to  1500*F.  The  heating  cycle  used  is 
shown  on  Figure  46.  A  total  of  forty-one  runs  were  made  on  the  W.S.U. 
tester,  these  Included  an  initial  run  on  &QT  graphite  at  room  temper¬ 
ature  and  friction  and  wear  teEts  at  hi^h  temperature  on  lubricant 
composites.  Data  covering  lubricant  composite  friction  and  wear  tests 
can  be  found  in  Tables  XVIII,  XIX  and  Figure  47. 

DISCUSSION  OF  RESULTS 

Data  covering  both  dry  and  hot-pressing  of  lubricant  composites  are  given 
in  Tables  XV,  XVI  and  XVII.  The  chemical  composite,  fracture  load,  and 
the  pressing  load  temperature-temperature  relationship  for  each  composite 
are  included  on  the  aforementioned  tables.  Theoretical  density  versus 
pressing  load,  and  fracture  strength  versus  pressing  load  for  molybdenum 
disulfide  composites  are  included  in  Figures  48  and  49  respectively.  The 
distribution  of  Hi  in  M0S2  in  mixtures  of  10$  Ni-90$  M0S2  and  5$  Ni  in  95$ 
M0S2  are  shown  in  Figure  50.  These  photomicrographs  illustrate  the  uniform 
distribution  of  the  nickel  binder  (light  areas)  in  the  M0S2  matrix. 
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Two  hundred  seventy-two  hot-pressed  lubricant  composites  with  fracture 
strengths  equal  to  or  greater  than  the  k6o  pound  fracture  strength  of 
AU  graphite  were  attained. 

Lead  oxide  was  the  only  material  other  than  MoSg  that  was  successfully 
compressed  into  a  composite  without  the  use  of  hinders. 

Lubricant  composites  were  not  adversely  affected  when  heated  to  1500®F 
for  one  hour  in  a  vacuum  of  25  microns. 

Forty- one  tests  were  conducted  on  the  W.S.U.  high  speed,  high  temperature 
test  machine.  The  test  temperature,  wear  scar,  friction  coefficient, 
surface  speed  and  test  duration  are  shown  in  Tables  XV HI  and  XIX.  Of 
the  e&ove  tests  two  lubricant  composites  Ho's.  99  and  144  compared  very 
favorably  with  ATJ  graphite  at  1500*F  in  regards  to  wear  and  friction 
coefficient.  Initial  testing  on  the  tf.S.U.  high  speed- high  temperature 
machine  was  hampered  by  serious  vibration  problems.  Tnerefore  data  from 
the  original  tests  may  be  inconclusive. 
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FIGURE  4  2 


W.S.U.  HIGH-SPEED  HIGH- TEMPERATURE  TEST  RIG 
SPECIMENS  AND  OIL  LUBRICATOR 
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